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TUBULAR REABSORPTION OF PROTEIN IN THE RAT 


By D. MENDEL 
From the Department of Physiology, University College, Ibadan, Nigeria 


(Received 11 August 1958) 


Proteinuria is of constant occurrence in the albino rat, the extent of the 
proteinuria being greater in the male than in the female (Sellers, Goodman, 
- Marmorston & Smith, 1950). It is clear that the urine protein originates from 
the plasma proteins, for protein has been found in the glomerular filtrate of the 
rat (Walker, Bott, Oliver & MacDow:'1, 1941). Moreover, the electrophoretic 
characteristics of rat urine and plasma protein are similar (Sellers, Roberts, 
Rask, Smith, Marmorston & Goodman, 1952). There is evidence which suggests 
that some of the protein from the glomerular filtrate is reabsorbed by the cells 
lining the proximal convoluted tubules (see review by Rather, 1952). Although 
there have been many studies of the factors affecting proteinuria in the rat, 
there is little information as to the quantitative aspects of tubular reabsorp- 
tion of protein, or its basic relationship to proteinuria. The object of the 
present work was to develop a method whereby the differential rates of 
reabsorption of albumin and globulin could be determined in the rat, and then 
to relate proteinuria with tubular reabsorption of protein. 

It has been shown by Dock (1942) and by Gilson (1949) that when plasma 
proteins in the rat we~> labelled with the dye T-1824 (Evans Blue), a selective 
accumulation of dye -ccurred in the cells of the proximal convoluted tubule. 
Sellers, Griggs, Marmorston & Goodman (1954) have measured quantitatively 
the accumulation of T-1824 in the kidneys of the rat under these conditions 
and have given a minimum value for the rate of tubular reabsorption of protein. 
Their results, however, give no indication as to which plasma protein fractions 
were reabsorbed by the tubules. The principles of the method for measuring 
the rate of tubular reabsorption of protein used by Sellers e¢ al. (1954) have 
been used in the present work. They depend on the assumption that the T-1824 
recovered from the cells of the proximal convoluted tubules, after an intra- 
venous injection of T-1824, is carried into the cells as a T-1824-protein complex 
and is therefore related to the amount of protein reabsorbed. This assumption 
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plasma within 5 min of a large intravenous dose of the dye, and that the dye 
found in the urine was similarly bound. 

The method used in the present work for determining the differential rates 
of albumin and globulin reabsorption was based on the observation of Rawson 
(1943) that T-1824 in low concentration attaches itself to plasma albumin, and 
then as the concentration of the dye is increased, to plasma globulins. It was 
therefore hoped to find a concentration of dye which would be attached to 
albumin alone, so that the T-1824 recovered from the kidneys would represent 
only albumin reabsorption, and then to increase the concentration of dye so 
that globulin would be labelled in addition to albumin. By knowing the 
concentration of T-1824 on both the plasma albumin and globulin fractions, 
and the T-1824 taken up by the kidneys, globulin reabsorption could be 
estimated. 


METHODS 


Operative procedure. Wistar strain male and female rats of average weight 200 g (range 195- 
205 g) and fed on a diet containing 14 % protein (diet 41) were used. The rat was anaesthetized with 
ether and an injection of T-1824 given into an external jugular vein. After intervals of 1, 2 or 
3 hr, during which the animal was deprived of food and water, the carotid artery was cannulated 
under ether anaesthesia and blood collected into a dry centrifuge tube. The abdomen was opened 
through a mid-line incision, the superior mesenteric vessels and hepatic artery ligated, and a 
wide-bore polythene cannula (1 mm internal diameter) inserted headwards into the abdominal 
aorta from below the level of the renal arteries. The inferior vena cava was opened freely, and 
the aorta and vena cava were occluded in the chest, just above the diaphragm, with artery forceps. 
The kidneys were then perfused through the aortic cannula with 500 ml. of NaCl 0-9% (w/v) 
solution at a pressure of 125 cm of saline (Sellers et al. 1954), the object of this procedure being to 
remove blood and the T-1824 which it contained from the glomeruli and all renal vessels, and the 
T-1824 from the lumen of the tubules. The time for perfusion was from 25 to 35 min. At the end 
of the perfusion the perfusate from the inferior vena cava was colourless. Any experiments not 
showing immediate and free perfusion were rejected. 

Solutions of T-1824 (British Drug Houses, Ltd.) were made from the powdered dye and dissolved 
in 0-9% (w/v) NaCl solution. They were standardized against solutions of known T-1824 content. 

Estimation of renal T-1824. The method used was that of Sellers ef al. (1954). After the per- 
fusion the kidneys were decapsulated and the renal pelves cut away and homogenized in 6 ml. of 
distilled water in a standard ‘universal container’ which fitted a tissue homogenizer (M.S.E.). To 
the suspension obtained was added 25 ml. of a 1% (w/v) solution of the di-octyl ester of sodium 
sulphosuccinic acid (Manoxol O.T., British Drug Houses, Ltd.). The mixture was allowed to stand 
for 30 min with frequent shaking. Monoxol 0.T. competes with protein for T-1824 and the dye 
passes into the liquid phase. Tissue proteins were precipitated from the solution with 50 ml. 
acetone, the mixture centrifuged, and the supernatant decanted into a 250 ml. stoppered flask. 
The precipitate was extracted three times with 50 ml. volumes of mixture containing water- 
manoxol-acetone in the original proportions, and the supernatants added to the 250 ml. flask, 
which was then made up to volume. Two 10 ml. volumes of the final mixture were taken for 
subsequent estimations; in order to remove any small amount of protein which might remain in 
the supernatant, these were centrifuged in stoppered tubes. These samples were measured for 
T-1824 content in matched glass cells in a spocteophotometer at a wave length of 6204. Standard 


solutions of T-1824 were prepared with water acetone mixture as a diluent. 
Estimation of serum T-1824. The method used to determine the concentration of T-1824 
attached to individual plasma proteins was to fractionate the proteins with different concentra- 
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tions of anhydrous Na,SO,, to separate the globulin fractions so precipitated with ether (Kingsley, 
1940) and then to determine the concentration of T-1824 attached to the proteins left in solution. 
In preliminary experiments it was found that the value for total T-1824 in plasma, with the 
largest dose of T-1824 used, was not greater than that of serum. It was concluded that there was 
no attachment of T-1824 to fibrinogen, and consequently serum was used for fractionation. 

The concentrations of anhydrous Na,SO, used were 23-5 % to precipitate total globulin, 20 % to 
precipitate 8 and y globulin and 17-75%, to precipitate y globulin. The detailed procedure was as 
follows. 0-2 ml. of serum was added to 3 ml. volumes of 0-9% NaCl solution and of 23-5, 20 and 
17-75 % solutions of anhydrous Na,SO, in centrifuge tubes. After gentle mixing, 1-5 ml. of ether 
was added to each of the tubes containing Na,SO,; these were then stoppered, mixed and centri- 
fuged. 1 ml. volumes of the supernatant were made up to 25 ml. with distilled water. The sample 
of serum in saline was used to measure the total T-1824 after similar dilution, but with 1 ml. of 
17-75% Na,SO, included in the volume, since it was found that Na,SO, slightly affected the 
optical density of T-1824. The small differences in Na,SO, concentration in the final 25 ml. volumes 
did not produce any differences in calibration. Standard solutions of T-1824 were similarly 
prepared to contain the equivalent amount of Na,SO,. 

Mean concentration of serum T-1824. Rats were bled at known intervals of time after intra- 
venous injection of T-1824, and the concentration of T-1824 was determined as described above. 
The mean concentration of T-1824 attached to each serum protein during a given time was 
determined from the rate of fall of concentration of T-1824 from the serum. 

Serum proteins. Samples of sera from individual rats were fractionated with anhydrous Na,SO, 
as described above, and the protein content of the supernatants determined by the biuret method 
of Weichselbaum (1946). 

Paper electrophoresis. Paper electrophoresis of serum and urine proteins was carried out in a 
vertical tank after the method of Flynn & de Mayo (1951). Whatman No. 1 paper was used in 
5 x 36 cm strips. A barbitone buffer of pH 8-6 and ionic strength 0-083 m, with a constant current 
of 1-0 mA per strip for 18 hr, gave good separation. The strips were stained with azocarmine B and 
evaluated by scanning and planimetry. 

Urinary protein. 24 hr volumes of urine, measured to within 0-1 ml., were obtained from rats 
left in metabolism cages with free food and water. Total protein was determined by the biuret 
method of Kingsley (1939) on the protein precipitated with 10% trichloroacetic acid. The quali- 
tative determinations of urinary protein were made by paper electrophoresis, after concentration 
of the urine by ultrafiltration until a concentration of protein of 1% or greater was reached. 
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RESULTS 
The attachment of T-1824 to serum proteins 

Fractionation of serum proteins. Preliminary experiments were designed to 
find the optimal concentrations of anhydrous Na,SQ, to use in the fractionation 
of serum proteins into albumin, and «, 8, and y globulins. Individual samples 
of sera from three male rats were fractionated with concentrations of Na,SO, at 
1% intervals from 27 to 15%, and the protein in the supernatants characterized 
by electrophoresis. The results indicated that as the concentration of Na,SO, 
decreased from 27 %, increasing amounts of albumin were left in solution. The 
first trace of « globulin appeared at 23%, of 8 globulin at 19% and of y globulin 
at 17%. The protein contents of the supernatants (estimated by the biuret 
method) were then compared with values obtained by electrophoresis of the 
complete sera. Intermediate concentrations of Na,SO, were prepared where 
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obtained, 23-5°/ was chosen for the measurement of albumin, and 20% for 
albumin plus « globulin. The choice of a solution to precipitate y globulin 
proved more difficult, since some 10% of the total protein was found to be left 
in solution between 18% and 17% Na,SO,. 17-75% was found to give the best 
measure of agreement with the electrophoretic values. 

A comparison of the values obtained for these protein fractions by Na,SO, 
fractionation and electrophoresis in a further six sera from male rats is shown 
in Table 1. It can be seen that although there was good agreement between 
the means, individual sera showed rather wide discrepancies, the maximum 
discrepancy for albumin being 15%, for « globulin 33%, for B globulin 14% 
and for y globulin 18%. : 


TasBie 1. Male rats. Comparison of the results of Na,SO, fractionation of serum proteins into 
albumin and «a, 8 and y globulin with that of paper electrophoresis. 23-5% anhydrous 
Na,SO, was used to precipitate total globulin, 20% anhydrous Na,SO, for 8 and y globulin 
and 17-75% anhydrous Na,SO, to precipitate y globulin. Values are in g/100 ml. 


Na,SO, Electrophoresis 
no. A a B Y A y B y 
1 3-0 0-9 1-2 0-9 2-6 0-9 1-4 1-1 
2 2-8 0-9 13 0-8 2-7 0-8 1-4 0-9 
3 3-1 0-8 1-2 1-1 2-9 1-0 1:3 1-0 
4 3-0 0-7 1-4 0-6 2-9 0-7 1-4 0-7 
5 3-1 0-8 0-8 1-1 3-0 0-9 0-9 10 
6 3-3 0-8 1:3 0-8 3-5 0-6 1-2 0-9 
Means 3-0 0-8 1-2 0-9 2-9 0-8 13 0-9 
8.E.+ 0-07 0-03 0-08 0-07 0-4 0-06 0-08 0-05 


Serum protein values obtained by fractionation in six sera from female rats 
were similar to those obtained for male rats. The estimated mean values with 
their standard error were: albumin 3-1+0-1, « globulin 0-9 +0-03, 8 globulin 
1-1 +0-07 and y globulin 0-9 +0-04 g%. 

The effect of T-1824 on the fractionation. The possibility was examined that 
the presence of T-1824 might affect the fractionation of serum proteins. In 
three experiments T-1824 was added to samples of sera in vitro to produce 
concentrations of T-1824 of 40, 100 and 200 mg/100 ml. The sera were then 
fractionated and the protein in the supernatant precipitated with acetone, 
which removed some of the T-1824 from the precipitates. Removal of the 
remaining T-1824 was effected by allowing the precipitates to soak in a 1% 
Manoxol 0.T. solution for 24 hr. A control portion of each serum was similarly 
treated. The amount of protein in each precipitate was then measured by the 
biuret reaction. The results in one such experiment are shown in Table 2, 
where the total amounts of protein in each supernatant are shown. It can be 
seen that the values for protein recovered after the addition of T-1824 agreed 
_ with the control to within +7%. 

The dose of T-1824 and its attachment to serum proteins. In order to determine 
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the best doses of T-1824 for use in obtaining attachment of the dye to suc- 
cessive serum protein fractions, ten male rats were given intravenous doses 
of T-1824 varying from 1 to 10 mg/100 g rat, and the sera were examined 
after 10 min. With 1 mg/100 g rat it was evident that all the T-1824 was 
attached to albumin, there being good agreement between the concentration 
of T-1824 obtained with 23-5% Na,SO, and the total amount of dye measured 
in saline. With 2 mg/100 g rat there was additional T-1824 attached to albumin 
and a small amount of T-1824 attached to both « and f globulins, and this 
attachment to albumin and « and f globulins increased with increasing dosage 
until 5 mg/100 g rat was reached. With larger doses T-1824 was then attached 
in addition to y globulin. 


Tasz 2. The effect of T-1824 on the fractionation of serum proteins with anhydrous Na,SO,. The 
values shown represent the amount of protein in the supernatant (g/100 ml.) after fractiona- 
tion with 23-5, 20 and 17-75% Na,SO, f 


Conen. of Concn. of Na,SO, (%) 
T-1824 r AW 
(mg/100 ml.) 23-5 20 17-75 
Control 2-9 3-7 4-8 
40 2-9 3-6 5-1 
100 2-8 3-5 5-0 
200 31 3-6 4-9 


The smallest dose of T-1824 that would allow recovery of measurable 
amounts of the dye from the kidneys was, however, 2 mg/100 g rat. Attempts 
were made at working with reduced volumes but it was found that under these 
conditions undyed kidney gave a reading which was a variable source of error. 
The following doses of T-1824 were consequently used: 2 mg/100 g rat to label 
predominately albumin, 5 mg/100 g rat to label albumin plus « and f globulin, 
and 10 mg/100 g rat (Sellers et al. 1954) to label all the serum proteins. It was 
confirmed that with the largest dose of dye used there was no detectable free 
T-1824 in the serum after 10 min, the supernatant after total protein precipita- 
tion being colourless. 

Time-concentration curves of T-1824. The rate of disappearance from the 
serum of the T-1824 attached to individual protein fractions was estimated in 
thirty rats (Figs. 1, 2). The values at each interval of time are the means of 
six individual results obtained with three male rats and three female rats in 
each case, there being no difference between the sexes when considered 
separately. Fig. 1.4 shows the values obtained with doses of T-1824 of 
2 mg/100 g rat and Fig. 1B the values with 5 mg/100g rat. It can be seen 
that the T-1824 attached to albumin showed a continuous fall in concentration, 
whereas that attached to « and f globulin tended to fall in the first hour but 
then showed little change in the next 2 hr. The amount of T-1824 attached to 
« and £ globulin with the smaller dose of T-1824 was only 2 mg/100 ml. during 
this period. 
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Figure 2 A shows the fall in concentration of T-1824 attached to albumin and 
«and 6 globulin with the dose of T-1824 of 10 mg/100 g rat, and Fig. 2 B the fall 
of contentration @f T-1824 attached to y globulin. It may be seen from Fig. 2B 
that the fall in concentration of T-1824 attached to y globulin was continuous. 
The value of T-1824 attached to y globulin at 10 min, 37 + 5 mg/100 ml., was 


Fig. 


4r A B 
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Time (hr) 


1. The rate of fall of concentration of serum T-1824 following the intravenous injection of 
T-1824 in male and female rats. A: results obtained with 2 mg T-1824/100 g rat. B: results 
obtained with 5 mg T-1824/100 g rat (different ordinate scale). The values at each interval of 
time are the means of experiments in six rats. @ T-1824 attached to albumin; O T-1824 
attached to « and § globulin; vertical lines show 8.z.M. 
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. 2. The rate of fall of concentration of serum T-1824 in thirty male and female rats following 


an intravenous injection of 10 mg T-1824/100 g rat. The values at each interval of time are 
the means of experiments in six rats. A, amount of T-1824 attached to albumin and « and £ 
globulin; conventions as in Fig. 1. B, T-1824 attached to y globulin. 
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similar to that attached to « and 8 globulin 40 + 4mg/100 ml. The corresponding 
values at 3 hr were significantly different, however, there being 10 + 1-1 mg/ 
100 ml. attached to y globulin and 19 + 1-3 mg% attached to « and B globulin 
(P <0-01). 
Renal uptake of T-1824 

Rate of uptake. It has been shown by Sellers et al. (1954), that with a dose of 
T-1824 of 10 mg/100 g rat, the uptake of T-1824 by the kidneys during the 
first 3 hr after injection was linear, suggesting that during this period there 
was no loss of T-1824 from the cells of the kidneys. With the doses of T-1824 
used in the present work there were different amounts of T-1824 entering the 
kidney, and the possibility was examined that with smaller doses of T-1824 
there might be some loss from the kidneys during the first 3 hr. 


= 2 : 
100+ 
0 4 2 30 1 2 30 1 2 3 


Time (hr) 


Fig. 3. The rate of accumulation of T-1824 in the kidneys following intravenous injection of 
T-1824. A shows the values obtained with the dose of T-1824 of 2 mg/100g rat, B with 
5 mg/100 g rat, and C with 10 mg/100g rat; different ordinate scales. Each point represents 
the mean of six experiments with male rats. 


Renal T-1824 was determined at hourly intervals from 1 to 3 hr with each 
of the doses of T-1824 used. The results are shown in Fig. 3. Each point on 
the curves is the mean value of individual determinations on six male rats. 
It can be seen that with each dose of T-1824 there was a progressive uptake of 
T-1824 during the 3 hr period. 

Comparison of sexes. Since sex differences in proteinuria in the rat have been 
reported, it seemed possible that the uptake of T-1824 might differ between 
the sexes. Renal T-1824 was measured 3 hr after each dose of T-1824 in 
groups of six female rats. The individual results are compared with those 
obtained in male rats in Table 3. It can be seen that the uptake of renal 
T-1824 did not differ significantly between the sexes with any of the doses of 
T-1824 used. 

The values for renal T-1824 obtained with the dose of T-1824 of 10 mg/100g 
rat shown in Table 3 were very large in relation to the values with half the 
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dosage, and the method was examined for possible errors. Histological examina- 
tion of the kidney showed staining of the elastic lamina of arteries, and there 
was marked staining of the renal pelvis. This factor was not considered im- 
portant, however, in causing the large values obtained, since it was noted that 
when tissues were stained with high concentrations of T-1824, the T-1824 was 
not removed in any appreciable quantity with Manoxol O.T. It was evident, 
however, that the staining of tissues meant that there was some free T-1824 in 
the circulation for a short time, and it seemed possible that this free T-1824 
might enter the cells of the proximal tubule by diffusion and attach itself to 
the reabsorbed protein present in these cells at the beginning of the experiment. 


Tasie 3. Comparison of the values of renal T-1824 (mg x 10-*) in individual male and female 
rats 3 hr after the intravenous injection of the doses of T-1824 shown 


T-1824 2 mg/100 g rat 5 mg/100 g rat 10 mg/100 g rat 
“Males Females Males Females Males Females 
26 35 116 75 356 264 
34 43 96 74 216 289 
36 33 70 81 440 374 
20 18 92 95 344 366 
28 22 89 85 328 328 
26 27 89 102 380—Ct«s 248 
Means 28 29 92 85 344 311 
8.B.+ 3-7 6-0 4°5 30 19 
P <08 <0-4 < 0-4 


This possibility was examined as follows. In each of six experiments with 
three male rats and three female rats an intravenous injection of T-1824 was 
given in the dose 10 mg/100g rat. Blood was collected from the carotid 
artery 45 sec later (timed from the mid point of the injection), and the kidneys 
were perfused with saline within a further 2 min. The observations were 
repeated with doses of T-1824 of 2 mg and 5 mg/100 g rat. 

From Fig. 3 the amount of T-1824 accumulated in the kidney by reabsorp- 
tion of protein is not likely to be greater than 4-0 x 10-* mg, for 10 mg doses, 
and considerably less than this for lower doses. Such values would not be 
detectable by the techniques used in this work. 

In fact with doses of T-1824 of 2 and 5 mg/100 g rat no measurable amounts 
of T-1824 could be recovered from the kidneys after a 2 min period. With doses 
of 10 mg/100 g rat, however, after 2 min the amount of T-1824 recovered from 
the kidneys was 34 + 2-0 x 10-* mg, a value considerably higher than could be 
accounted for on the basis of simple reabsorption. It was considered, therefore, 
that at this dose level there was an initial period in which free T-1824 was 


present in the blood and that free T-1824 entered the cells of the proximal | 


tubules as such. 
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Calculation of tubular reabsorption of protein 

As there were no differences between the sexes for the values of serum proteins, 
renal T-1824 or serum levels of T-1824, the data from both sexes have been 
pooled for the calculation of the rate of tubular reabsorption of protein. The 
mean values for serum proteins in twelve rats (six male and six female) were: 
albumin 30+0-06, « plus 8 globulin 2-0+0-06 and y globulin 0-9+0-04 g/ 
100 ml. The values for renal T-1824 and the mean T-1824 attached to individual 
serum proteins is shown in Table 4. Calculation has been made on the values 


Tas_e 4. The estimated mean values for renal T-1824 obtained 3 hr after intravenous injection of 
T-1824, and the mean concentration of T-1824 attached to serum protein fractions during 
the 3 hr period after intravenous injection of T-1824. Each value for renal T-1824 is the mean 
of twelve experiments on male and female rats 


Dose of Mean T-1824 % attached to serum proteins 
T-1824 (mg/100 ml.) 
(mg/l100g Renal T-1824 A ——, 
rat) (mg x 10-*) Albumin a+B y 
2 29+ 2-1 
5 88+ 3-7 62+ 2-0 10+0-6 
10 327+ 18-3 112+3-0 30+4-1 2843-4 


of renal T-1824 obtained 3 hr after injection of the dye, and the values of renal 
T-1824 shown in the table represent the mean of twelve experiments (six male 
and six female) in each case. The mean values of T-1824 attached to individual 
serum proteins during the 3 hr period have been calculated from the area under 
the curves in Figs. 1 and 2. 

Albumin. The mean value of renal T-1824 of 29+ 2-1 x 10-* mg obtained 
with the smallest dose of T-1824 is considered for the purpose of calculation to 
represent only albumin reabsorption, the attachment of T-1824 to « and f 
globulin being very small (Fig. 1A). Using the data given in Table 4 it.can be 
shown that there were 27 + 1-3 mg of T-1824 attached to 3-0 + 0-06 g of serum 
albumin. The amount of albumin attached to the 29 + 2-1 x 10-* mg of T-1824 
recovered from the kidneys was therefore 3-3 + 0-24 mg, representing a rate of 
albumin reabsorption of 1-1 + 0-08 mg/hr. 

a and B globulin. The value for renal T-1824 of 88 + 3-7 x 10-* mg represents 
albumin plus « and f globulin reabsorption (Table 4). Before the rate of 
« and f globulin reabsorption can be calculated it is necessary to calculate the 
amount of renal T-1824 accounted for by albumin. The mean value of T-1824 
attached to 3-0 + 0-06 g of albumin under these conditions was 62 + 2-0 mg, so 
that 1 mg of albumin was attached to 20 + 0-96 x 10-* mg of dye. Since the 
amount of albumin reabsorbed during the 3 hr period was 3-3 + 0-24 mg, the 
amount of T-1824 accounted for by albumin was 66 + 5-7 x 10~* mg. The renal 
T-1824 accounted for by « and f globulin reabsorption was the remaining dye, 
i.e. 22+ 6-8 x 10-* mg, and as 10+ 0-6 mg of T-1824 (Table 4) was attached to 
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2-0 + 0-06 g of « and £ globulin, the protein represented by 22 + 6-8 x 10-* mg 
of dye was 4-4+1-3 mg, giving a rate of « and f globulin reabsorption of 
1-4+0-4 mg/hr. 

y globulin. The value of 327+18-3 x 10-* mg of renal T-1824 (Table 4) 
represents reabsorption of all the serum protein fractions. The amount of 
T-1824 accounted for by albumin and « and f globulin reabsorption has been 
calculated, as explained above, from the serum protein values, the mean 
T-1824 concentration attached to them, and the rate of reabsorption. Thus 
albumin accounted for 122+ 9-0 x 10-* mg of T-1824, and « and f globulin 
66 + 21 x 10-* mg. It seemed justifiable to deduct in addition 34 + 2 x 10-* mg 
of T-1824 referred to above as the amount of free dye entering the cells 
directly. The amount of T-1824 accounted for by y globulin was thus 
105 + 29 x 10-* mg, and av 28+3-4 mg of T-1824 (Table 4) was attached to 
0-9+0-04g of y globulin, 105+29x10-* mg of T-1824 was attached to 
3-3 + 0-9 mg of y globulin, representing a rate of y globulin reabsorption of 
1-1 +0-3 mg/hr. 


Proteinuria and tubular reabsorption of protein 

Proteinuria. The extent of proteinuria was determined on individual 24 hr 
urines from eighteen male and eighteen female rats. Protein was detected in 
all urines with the exception of that from one female rat. The mean value for 
total protein excretion in male rats was 0-65 + 0-11 mg/hr and in female rats 
0-56 + 0-08 mg/hr. These differences were not significant. (P < 0-6.) 

The qualitative nature of the urine protein was determined by paper 
electrophoresis on the pooled 24 hr urines from twelve female rats and from 
twelve male rats. Electrophoresis was carried out with a sample of serum at the 
same time to facilitate identification of the urine fractions. The urine from both 
sexes showed a similar pattern in that the major protein component was f 
globulin with a small amount of y globulin and a trace of « 2 globulin. Albumin 
was completely absent. The percentages of these components determined on 
a further sample of pooled 24 hr urines from twenty-four male and female rats 
were « plus £8 globulin 93% and y globulin 7%. 

Protemuria and renal T-1824. The relationship of proteinuria to the renal 
uptake of T-1824 was determined in eighteen of the experiments with male and 
female rats in which renal T-1824 was measured 3 hr after intravenous injection 
of T-1824. Urines were collected for a period of 24 hr immediately before the 
administration of the dye. The relationship between proteinuria and renal 
uptake of T-1824 was examined in six rats with each dose of T-1824. It can be 
seen from Fig. 4 that although proteinuria was very variable, the uptake of 
renal T-1824 was very much less variable, rats with the greatest amounts of 


proteinuria having similar values for renal T-1824 to those with much smaller 
levels of proteinuria. 
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Fig. 4. The relation of proteinuria to the renal uptake of T-1824 in eighteen male and female rats. 
The values for proteinuria were obtained from 24 hr urines collected immediately preceding 
the intravenous injection of T-1824; the values for renal T-1824 were obtained 3 hr after the 
intravenous injection of T-1824. Dose of T-1824: x2 mg, @ 5 mg and © 10 mg/100 g rat. 


DISCUSSION 


The validity of the method for measuring tubular reabsorption of protein by 
labelling plasma proteins with T-1824 and measuring quantitatively the dye 
in the kidney depends on the assumption that protein from the lumen of the 
tubule enters the cells of the proximal convoluted tubule as a T-1824-protein 
complex; and at the same time assumes that the attachment of the dye to 
protein does not affect the process of reabsorption. 

The work of Gilson (1949) suggests that the dye enters the cells of the 
proximal convoluted tubules from the lumen and not from the peritubular 
capillary plexus, for when a large dose of T-1824 was given to a rat droplets of 
T-1824 appeared first along the luminal border of the cell and then slowly in the 
deeper parts of the cell. It is clear from the present work that, with doses of 
T-1824 of 2 and 5 mg/100 g rat, the amount of free dye entering the kidney 
within 2 min of injection was negligible. With doses of T-1824 of 10 mg/100 g 
rat, however, there was some free dye in the circulation for the first few minutes 
after injection. This free dye entered the tubule cells directly from the blood 
and accounted for approximately 10% of the total dye recovered after a 3 hr 


period. 
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There is evidence that, with small concentrations of T-1824, labelled albumin 
does not differ in any important aspect from the native protein. Rawson 
(1943) has shown that the electrophoretic mobility is unchanged and the curves 
of disappearance of T-1824 from the circulation do not differ from albumin 
tagged with ™] (Freinkel, Schreiner & Athens, 1953). It is reasonable to 
assume therefore that with the two smaller doses of T-1824 used albumin was 
not seriously altered by the attachment of T-1824. With larger concentrations 
of dye, however, there is a change in the electrophoretic mobility of albumin 
(Rawson, 1943) and there might possibly be an alteration in the tubular 
handling of such labelled protein. The value obtained for y globulin might be 
subject to error on this account. 

The value for tubular reabsorption of total protein in the present work was 
3-6 mg/hr, for a 200 g rat, which is in fair agreement with the 5 mg/hr obtained 
by Sellers e¢ al. (1954). Evidence was obtained of reabsorption of albumin, 
a combined « and f globulin fraction, and y globulin. An accurate assessment 
of the rate of reabsorption of these fractions by the present method depends 
upon precise separation of serum proteins, and as this was not completely 
possible by Na,SO, fractionation the values obtained must be regarded as 
approximations. The data can be used, however, to give some idea of the 
relationship between filtered and reabsorbed protein. 

If the a.¥.R. of rats fed on a moderate protein diet is taken as 0-43 ml./ 
100 g rat.min (Dicker, 1949), the total protein filtered for a 200 g rat/hr in 
51-6 ml. of filtrate would be 4-2 mg (tubular reabsorption 3-6 mg/hr, pro- 
teinuria 0-6 mg/hr), and the concentration of protein in the glomerular filtrate 
would be about 8 mg/100 ml. The present data indicate that some 85% of the 
total filtered protein would be reabsorbed. 

Since there was no albumin detected in the urine, a result similar to that 
found in the Slonaker—Addis strain of rat by Sellers e al. (1952), the value for 
albumin reabsorption of 1-1 + 0-08 mg/hr represents 100°, reabsorption; and 
similarly as the urine contained 7% of y globulin, the value of 1-1 + 0-3 mg/hr 
represents 95°%, reabsorption for this protein. The value for the percentage 
reabsorption of the combined « and globulin fractions was 75°, but the 
failure to label « and f globulins separately in the present work makes it 
impossible to decide why f globulin was the main urine protein. 

The wide range of proteinuria found in the rats used in the present experi- 
ments did not appear to be related to a failure on the part of the tubules to 
reabsorb protein. Rats with the greatest amount of proteinuria had values for 
renal T-1824 of a similar order to those with lesser degrees of proteinuria. This 
suggests that variations in proteinuria are more likely to be due to a greater 
filtered load of protein than to a defect in tubular reabsorption of protein. 
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SUMMARY 


1. A method has been described for measuring the rate of tubular reabsorp- 
tion of albumin and globulin by the rat kidney, using the dye T-1824. An 
attempt has been made to relate proteinuria with tubular reabsorption of 
protein. 

2. In the 200 g rat the average rate of tubular reabsorption of protein was 
3-6 mg/hr, and the average rate for albumin reabsorption 1-1 mg/hr. Evidence 
was obtained for the reabsorption of a combined « and globulin fraction and 
y globulin. | 

3. The mean rate of protein excretion in thirty-six rats was 0-6 + 0-07 mg/hr. 
The main urine protein was found by electrophoresis to be 8 globulin. Albumin 
was not found in either male or female urines. 

4. Tubular reabsorption of protein accounted for approximately 85 % of the 
total filtered protein. Albumin reabsorption appeared to be complete. In 
individual rats heavy proteinuria was associated with the accumulation of 
normal amounts of T-1824 by the kidneys, suggesting normal tubular 
reabsorption of protein. 


I wish to thank Dr J, C. Edozien for his help with the electrophoresis, and Professor J. Grayson 
for his advice and help in the preparation of this paper. This work was aided by a grant from the 
West African Council for Medical Research. 
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INITIATION OF IMPULSES IN VISUAL CELLS OF LIMULUS 
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Some features of the responses recorded from visual cells of Limulus with intra- 
cellular electrodes have been described in a previous article (Fuortes, 19585). 
Cells producing spikes of more than 40 mV were tentatively identified with 
eccentric cells. The response of these cells to prolonged illumination was found 
to consist of a sustained depolarization (generator potential) with superimposed 
spikes. It was observed that, in steady-state conditions, both amplitude of the 
generator potential and frequency of firing are approximately linear functions 
of the logarithm of light intensity, frequency being therefore a linear function 
of generator potential amplitude. Impulse firing could also be elicited by 
means of depolarizing currents applied through the impaling micro-electrode 
and frequency of firing was then found to be a linear function of current 
intensity, 

In the present article some properties of responses elicited by illumination 
will be compared to those of responses evoked by currents and the results of 
interaction of light and currents will be described. The evidence obtained in 
this way indicates that membrane resistance decreases during illumination and 
suggests that a change of membrane permeability may be responsible for pro- 
duction of the generator potential. 


METHODS 


The eye was dissected from the animal and cut in two along its longest diameter. One half of the 
eye was immersed in artificial sea water and could be observed through a dissecting microscope 
( x 100) under whose field the micro-electrode and the light beam were made to converge. 

The electronic arrangement used for recording consisted of a ‘negative capacitance’ feedback 
input stage (Bak, 1958), a direct-coupled amplifier and a cathode-ray oscilloscope. Care was taken 
to maintain grid current to less than 10-"A and it was usually possible to adjust feedback to a 
value giving a frequency response of over 10 kc/s without increasing noise to unbearable values. 

When currents were passed through the intracellular micro-electrode a bridge circuit was used 
in order to balance the potential drop occurring at the input as a consequence of current flow. This 
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circuit was essentially similar to that described in a previous article (Frank & Fuortes, 1956) and is 
reproduced in Fig. 1. For the sake of simplicity the current through the micro-electrode was not 
monitored but was calculated from the values of the stimulating voltage and of the resistances R, 
and R,. In order to reduce changes of current intensity due to changes of micro-electrode re- 
s.stance, & value of 1000 MQ was selected for R,. If micro-electrode resistance changed considerably 
during current flow, a potential change due to bridge unbalance was recorded (see Frank & 
Fuortes, 1956, Fig. 11). Records revealing excessive changes of bridge balance during flow of 
current were therefore discarded. Compensation of steady potentials between micro-electrode and 
ground and calibration of electrode resistance were made as described by Frank & Fuortes (1955, 
p-. 629; 1956, p. 452). 


R, Input 
R; 
COMP CAL 
Sy 


ig. 1. Diagram of arrangement used for electrical stimulation and recording. R, represents the 

= micro-electrode, which usually had a resistance of 20-100 MQ. The values of the fésistors used 

are as follows: R,, 1 kQ; R,, 30 kQ; R,, 1000 MQ. The resistance of the pulse generator CAL 

is 100 Q and the resistance COMP has the same value. Polarity of the compensation battery 

can be reversed by a switch not shown in the diagram. Electrical stimuli are delivered by 8, 

and S,. Stimulating and calibrating pulses are applied through radio-frequency stimulus 

isolation units. R, can be replaced by a 44 MQ resistance by means of a switch not shown in 

the diagram. Comparison of the magnitude of a given calibrating signal recorded with a 

44 MQ shunting resistance and without shunt permits convenient measurement of electrode 
resistance (Frank & Fuortes, 1955). The preparation (EYE) is described in the text. 


The light source was a 100 W concentrated arc lamp (Sylvania C 100) which emitted a bright 
white light, and the eye was stimulated by the image of a variable diaphragm. The diameter of 
this image varied between 50 and 500, in different experiments. Calibrated neutral filters were 
used to reduce light intensity as desired. The light was switched on and off by a mechanical 
shutter which was usually triggered by an electric pulse synchronized with the sweep of the 
cathode-ray oscilloscope. ; 

The micro-electrodes were KCI-filled pipettes constructed and mounted as described be 4 
previous article (Frank & Fuortes, 1955).. It was observed that better results were obtained when 
high resistance (50-100 MQ in Ringer’s solution) electrodes were selected. 
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RESULTS 
Responses evoked by light or current 
The features of the responses recorded following stimulation with light or with 
depolarizing current through the micro-electrode have been described in a 
previous article (Fuortes, 19586). Typical responses are illustrated in Fig. 2. 
In Fig. 3 frequency of firing is plotted as a function of the current intensity 
in the dark (@) and of the generator potential amplitude in the absence of 


Fig. 2. Responses to light and to depolarizing currents. A. Responses to illumination at different 
intensities. Duration of illumination is slightly different in the three records, as is indicated 
by the black lines below. Figures on left give relative intensity of the light used. Opening of 
the shutter is indicated by small artifact before each response. Note decrease of latency 
with increasing intensity of light, B. Responses to depolarizing currents. Same unit as in 
Fig. 2A. Duration of depolarizing current was identical in all cases, as indicated by black line 
below. Figures on right give intensity of depolarizing current in nA. Square wave at bottom 
right is a 20 mV calibrating pulse; time line at bottom right, 1 sec. 


current in the light (©). All measurements were made in the steady state and 
the amplitude of generator potentials was measured as the difference between 
membrane potential during illumination and membrane potential in darkness 
(see Fuortes, 19585, p. 213). In this plot the slope of the straight line relating 


frequency of firing to generator potential amplitude is 0-77 = and the 
imp/sec 


ratio of the two slopes is 5-74 MQ. In five other units in which responses to 
lights and to currents could be compared with some accuracy, values ranging 


slope of the line relating frequency to current intensity is 4-44 —~~—. The 
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from 4 to 9 MQ were obtained. If one assumes that currents producing firing 
at a certain frequency evoke in the cella membrane depolarization identical 
with that elicited by light producing firing at the same frequency, then the 
ratio mentioned above measures the resistance of the cell’s membrane. This 
assumption appears reasonable in first approximation but there is no assurance 
that it is strictly correct. For this reason the values obtained by the indirect 
method used in this study should be considered only approximate estimates of 
the membrane resistance of the impaled cells. 


T T 


0 5 10 15 20 ~=mvV 
0 0-4 08 12 16 nA 


Fig. 3. Frequency of firing as a function of generator potential amplitude and of current intensity. 
Data from the same unit of Fig. 2 but in steady-state conditions (15-20 sec after start of 
stimulus). Abscissa, generator potential amplitude or depolarizing current intensity; 
ordinate, impulses/sec. The unit was firing continuously at this time, owing to some back- 
ground illumination. ©, frequency as a function of generator potential amplitude; 
@, frequency as a function of current intensity. 


It is seen in Fig. 2.A that the bottoms of the spikes are raised while the 
tops of the spikes are lowered when depolarization and frequency increase 
(cf. Hartline, Wagner & Tomita, 1953). The records obtained with stronger 
intensities of light show, in addition, that spike size.and top potential decrease 
progressively with time during a prolonged train of impulses, even if frequency 
does not change during that time. When firing is evoked by depolarizing 
currents, potentials cannot be measured relative to the initial membrane 
potential, but it can be seen (Fig. 2B) that peak-to-peak spike amplitude 
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decreases with increasing frequency of firing and with time, as happens also 
with illumination. 

Peak-to-peak spike amplitude is plotted as a function of frequency of firing 
in Fig. 4. The measurements taken when firing was induced by light are indi- 
cated by open circles, while the filled circles indicate measurements performed 
on the same unit when firing was elicited by depolarizing currents. In both 
cases spike amplitude was measured 5 sec after initiation of firing, and it is 
reasonable to assume that the difference in the early phases of the discharges 
evoked in the two ways (see Fig. 2) had little influence on the measurements 
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Fig. 4. Peak-to-peak spike amplitude as function of frequency. ©, firing at different frequency 
was evoked by illuminations of different intensity; @, firing of the same unit was elicited by 
depolarizing currents through the micro-electrode. Peak-to-peak spike size was measured 
5 sec after onset of light stimulation. Note that the spike was small in this unit (about 
53 mV for slow firing frequency). In units producing larger spikes there was less difference 
in size of spikes evoked by light or by depolarizing current. 


taken at this time. Comparison of the two plots shows that, for any given 
frequency of firing, spike size is smaller when firing is induced by illumination. 
Results to be presented later in this paper suggest that this difference may be 
the consequence’ of a decrease of resistance of the cell’s membrane during 
illumination (see Fatt & Katz, 1951, for comparable results on the motor 
end-plate). 
Combined action of light and current 

Hartline, Coulter & Wagner (1952) found that frequency of firing elicited by 
a given light is increased by currents flowing through the eye in one direction 
and decreased by currents in the opposite direction. Similar experiments 
dealing with interaction between light and current were performed in the 
present study. In the experiment illustrated in Fig. 5, a steady current 
(0-9 nA in the top record) was passed through the impaling micro-electrode, 
and responses were evoked on this background by lights of different intensities 
(0-4, 6-25, 100).The steady current was then changed (—0-9, —2-3, — 4-3 nA) 
and the same light stimulations were applied. The results show that depolar- 
izing currents (+) decrease the drop in potential recorded through the bridge 
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and increase frequency of firing, whereas the reverse happens with hyper- 
polarizing currents (—). 

As is shown in the plot of Fig. 6, the relation between recorded potential and 
intensity of current through the electrode is approximately linear for any one 


0-4 625 100 


Fig. 5. Changes induced by currents in responses to light. Hyperpolarizing (—) or depolarizing 
currents (+) of intensity indicated by the figures on left were applied, and responses were 
produced by illumination at different intensities (0-4, 6-25, 100). Each pair of records shows 
beginning and end of a response to illumination lasting 15 sec. Since records were taken at 
high gain only a small portion of the spikes is visible. Square wave at extreme right is a 
20 mV calibration pulse. Time line at bottom is 1 sec. 
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Fig. 6. Amplitude of potential change recorded following illumination, as a function of current. 
Data from same cell as Fig. 5. Abscissa, intensity of hyperpolarizing ( —) or depolarizing (+) 
current through the micro-electrode; ordinate, generator potential amplitude. Each line 
joins points obtained with a given light intensity, as indicated by the figures on left. Note 
that the lines intersect the abscissa at different points. Sie 
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of the light intensities used, and the lines obtained with different light inten- 
sities converge towards the right-hand side of the plot. It should be noted that 
the ordinate in this plot measures the change of membrane potential following 
illumination, but the drop in potential evoked upon the membrane by currents 
alone is disregarded. 

If one extends the assumption proposed at the beginning (p. 17), postulating 
that frequency of firing is uniquely determined by membrane potential, then 
the frequency of firing evoked by any combination of light and current should 
bear the same relation to membrane potential as is found following stimulation 
with light only, If this postulate is valid, it should be possible to combine 
potential and frequency measurements in a single plot, in which the ordinate 
measures either membrane potential or frequency of firing. 

In the unit of Fig. 6, the relation between frequency and membrane potential 


was about 5 = in the absence of currents, and the relation between fre- 


quency and current intensity was about 23-5 = in the absence of light. 


Membrane resistance in darkness was therefore taken to be 4-7 MQ. 

The data of Fig. 6 were then replotted, taking into account the drop in 
potential evoked by currents applied in darkness across the cell’s membrane. 
This drop in potential is shown by the interrupted line in Fig. 7. The circles in 
this figure measure the height of the potential changes evoked by illumination, 
starting from the interrupted line, and the solid lines joining the experimental 
points show the membrane potential resulting from the combined action of 
light and current, relative to the membrane potential of the cell in the absence 
of both light and current. The dots near the circles measure the corresponding 
frequencies of firing, while those by the interrupted line measure the frequencies 
evoked by currents alone. A small correction was introduced in order to fit 
to the interrupted line in this plot the frequencies evoked by depolarizing 
current in darkness (see legend of Fig. 7). 

Rushton (1959) has shown that a somewhat similar reconstruction of the 
experimental findings described in this paper can be deduced from two postu- 
lates only. Following a different line of argument, it will be pointed out here 
that the slopes of interrupted and solid lines in the plot of Fig. 7 have the 
dimension of a resistance: under the assumptions mentioned above, the slope of 
the interrupted line measures membrane resistance in darkness, and the slopes 
of the solid lines measure membrane resistance during illumination at the 


various intensities used. 
Membrane resistance during illumination 
Two types of experiments were performed to test the conclusion that 
resistance of the nerve cell’s membrane decreases during illumination. The 
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first type is still based on the assumption that frequency of firing depends only 
upon membrane potential but this experiment is easier to perform than those 
described in the previous section, so that more precise measurements can be 
made. Typical results are illustrated in Fig. 8: light was switched on soon 
after the start of one sweep and a pulse of depolarizing current lasting 1 sec 
was applied after 2 sec of illumination. In the next sweep light was turned off 


mV Impulses/sec 
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Fig. 7. Change of membrane potential and frequency of firing resulting from the combined 
action of light and currents. Data of Fig. 6 replotted, taking into account the change of 
membrane potential evoked by currents alone and combined with frequency measurements. 
Abscissa, current through the micro-electrode; ordinate measures both the change of mem- 
brane potential from resting potential and the frequency of firing. The circles measure the 
amplitude of the potential recorded following illumination, starting from the interrupted line. 
The dots measure frequency of firing. Those near the interrupted line are two sets of measure- 
ments taken some time after the others, following stimulation of the cell with currents alone. 
In order to fit these points to the plot the frequency scale has been shifted down with respect 
to the voltage scale, assuming that membrane potential had decreased by 1 mV when the 
later measurements were taken. 


and the same current pulse was applied after 2 sec m darkness. Light in- 
tensity was constant throughout but current intensity was changed at each 
pair of sweeps, as is indicated by the figures at left. srt dele 
Frequency of firing was plotted as a function of current intensity in Fig. 9. 
The filled circles indicate the measurements taken in darkness and the open 
circles those taken during illumination. In each case frequency was @ linear 
function of current intensity, but the slopes of the two lines are different, 
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being 16-7" 
relation between frequency and generator potential amplitude had a slope of 


2°2 — = in this unit, the results show (subject to the assumption already 
mentioned) that membrane resistance dropped from 7-6 MQ in darkness to 


5-5 MQ during illumination at the light intensity used. 


during illumination. Since the 
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Fig. 8. Effects of depolarizing currents applied in darkness or during illumination. Light was 
applied soon after the start of a sweep and a pulse of depolarizing current lasting 1 sec was 
delivered after 2 sec of illumination (left-hand records). In the next sweep, taken after a 
10 sec interval (right-hand records), the light was switched off and the same current pulse was 
delivered after 28sec of darkness. Light intensity was constant throughout but current 
intensity was changed at each pair of sweeps as shown by figures on left. Vertical line at 
bottom right, 20 mV; horizontal line at bottom, | sec. 


A different method for measuring changes in membrane resistance, which 


- does not depend upon frequency measurements, was used in the second series 


of experiments. A sinusoidal current of 16 c/s and 10 nA was applied through 
the impaling micro-electrode, and the bridge was balanced so that only a small 
oscillation was recorded while the eye was kept in darkness. In order to prevent 
excessive firing during the depolarizing peaks of this alternating current, the 
cell was hyperpolarized by means of a steady current of 7-6nA. It may be 
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nA 
Fig. 9. Frequency of firing as a function of current intensity in darkness and during illumination. 
Data from the same cell as that of Fig. 8. Abscissa, current intensity; ordinate, frequency of 
firing. ©, frequency of firing evoked by depolarizing currents during illumination; @, 

frequency of firing evoked by the same currents in darkness. 


Fig. 10. Change of bridge balance during illumination. Alternating current at 16 c/s and 10nA 
was applied through the micro-electrode and the bridge was balanced for minimum deflexion 
in darkness. Since alternating current of the intensity used would evoke intense firing, the 
unit was hyperpolarized by means of a steady current of 7-6 nA. With such current, generator 
potential amplitude is considerably increased (see Fig. 5). The records show responses to 
lights of different intensity, indicated by the figures at the left. The change of bridge balance 
during illumination reveals a change of impedance of the cell’s membrane. The square pulse 
in each record is a 20 mV calibration; time line at bottom is 1 sec. 
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noted, incidentally, that bridge balance did not change as a consequence of 
the current, indicating that membrane resistance was not affected by the 
currents used. 

Figure 10 shows that the potential oscillations evoked by the alternating 
current increased during illumination, being greater for stronger intensities of 
light. The results show therefore that membrane impedance changed during 
illumination. Assuming that membrane capacity was not altered, this 
impedance change should be ascribed to a change of membrane resistance. 


DISCUSSION 
The finding that generator potentials are accompanied by changes of mem- 
brane conductance suggests that the conductance change may be the cause of 
the generator potential. It is known that the concentrations of several ions 
are different in the fluids inside and outside nerve cells and it is thought that 
the resting membrane is highly permeable to some ion species but not to others. 
In these conditions a conductance increase would, in general, be expected to 
result in a potential displacement, because certain ions could then move 
across the membrane, following their concentration gradient, until their 
charges generate a potential gradient sufficient to oppose further movement. 

According to this schema (see Fatt & Katz, 1951; Eccles, 1957, p. 60) the 
eccentric cell membrane can be represented by the circuit diagram of Fig. 11, 
in which E;, is the e.m.f. of the resting membrane, Eg is the e.m.f. giving rise to 
generator potentials and E, is an external constant current generator. 

If light decreases Rg, a potential drop will be elicited by illumination in the 
absence of currents, and in the presence of currents the potential drop evoked 
by a given light will be linearly related to current intensity, as is shown in 
Fig. 6, provided that E, and E, remain constant. Rushton (1959) has given a 
full account of the properties of this circuit showing that all experimental 
results can be quantitatively predicted if one assumes that ‘Bea of firing 
is controlled only by membrane potential. 


There is, however, an important complication. If g t tentials were due to a permeability 
change, then membrane potential during illumination would approach a fixed ‘equilibrium 
potential’ (represented by E, in Fig. 11). If membrane potential before illumination were reversed 
with respect to this equilibrium potential, the potential change evoked by illumination would also 
reverse. This predicted reversal could not be produced by depolarizing currents in the experi- 
ments performed so far, and it is difficult at the present time to offer a satisfactory justification for 

that unspecified complications arise when strong depolarizing currents are used, the 
equilibrium level of generator potentials could be determined by extrapolation of the results 
obtained with hyperpolarizing currents. In plots such as that of Fig. 7 the equilibrium potential 
would thus be defined by the intersectiou between interrupted and solid lines. Only two experi- 
ments of this type could be satisfactorily performed in the present study, but in both cases the 
intersection occurred at systematically different levels, when different light intensities were used. 
It is possible that the spread of the points of intersection is simply a consequence of experimental 
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errors (as suggested by Rushton, 1959), but other interpretations can be advanced. For instance, 
the equilibrium level could well be different for generator potentials evoked by dim or by bright 
lights, if light increased membrane permeability to more than one ion. Also, apparently different 
equilibrium levels would be found with the method used if generator potentials arose at different 
distances from the impaiing micro-electrode when dim or bright lights are used, since they would 
then be affected to a different extent by electrotonically spreading currents from the micro- 
electrode. 


Out 


R, E, T 
f lin 
Fig. 11. Equivalent circuit of cell producing a generator potential. E, and R, are e.m.f. and 
resistance of the portions of the membrane producing a resting potential, and E, and R, are 
e.m.f. and resistance of the portions producing generator potentials. Polarity of E, is re- 
presented in the same direction as E,, in agreement with the experimental data. E, is an 
external generator and R, is a very high external resistance (1000 MQ). 
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Fig. 12. Equivalent circuits of cells producing impulses. A. Diagram of cell activated by de- 
polarizing currents. E, and R, are e.m.f. and resistance of the parts of the cell generating 


impulses. C is the cell’s capacity, E,, R,, E,, R, as in Figure 11. B. Diagram of cell activated 
by light. All symbols as in Figs. 11 and 124. 


It may be appropriate to discuss at this point the great variability of spike 
size observed in intracellular records from visual cells of Limulus. It will be 
noted that the changes of spike size observed in this paper resemble those 
previously recorded by Eyzaguirre & Kuffler (1955) and the same conclusions 
probably apply to both findings. 

It has been seen that (1) peak-to-peak spike amplitude is smaller when the 
cell is more depolarized and frequency of firing is higher; (2) for a given fre- 
quency of firing spike size is smaller when firing is evoked by light than when 
it is evoked by currents; (3) peak-to-peak spike size decreases with time during 
a train at constant frequency. These findings can be discussed with reference 
to the diagrams of Fig. 12, in which it is assumed that impulses are produced by 
the mechanisms described in other excitable tissues (see Hodgkin & Huxley, 
19525) and generator potentials originate as was suggested at the beginning 
of this discussion. 
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If membrane resistance were negligibly small, both at top and bottom of the 
- spike, then peak-to-peak spike amplitude would not change owing either to 
external currents (Fig. 12.A) or to changes of R, (Fig. 12B). However, if 
membrane resistance were appreciable during impulse activity, being larger at 
the bottom than at the top of the spike, then 

(a) Depolarizing currents would evoke a sizeable drop in potential at the foot 
of the spike and only a smaller drop in the same direction at the peak of the 
spike; peak-to-peak amplitude of spikes evoked by depolarizing currents 
would thus decrease with increasing current intensity ; 

(b) Decrease of Rg (Fig. 12 B) would effectively shunt the potential changes 
evoked by impulse activity, both at top and bottom of the spike; amplitude 
of spikes evoked by illumination would therefore decrease with increasing 
light intensity ; 

(c) Peak-to-peak amplitude of spikes evoked by depolarization due to de- 
crease of Rg would be smaller than that of spikes induced by equal depolari- 
zation resulting from external currents; the time constant of the circuit of 
Fig. 12 A is longer than that of the circuit in Fig. 12 B, but a change of a given 
magnitude and duration of R; will evoke a larger drop in potential in Fig. 12 A 
than in Fig. 12B, because the initial rate of charge of the condenser C is not 
controlled by Rg, whereas the final value of the potential across C is decreased 
by the presence of this resistance. 

The basic observations relating to size of spike can therefore be explained by 
assuming that the resistance between an intracellular electrode (presumably 
in the cell soma) and the outside does not decrease very markedly during spike 
activity. This suggests that impulses originate at some distance from the 
soma and is in agreement with previous conclusions (Tomita, 1956, 1957), as 
well as with other results to be described in a future article. In addition, 
‘sodium inactivation’ (Hodgkin & Huxley, 1952a; cf. Eyzaguirre & Kuffler, 
1955, p. 107) and changes of ionic concentrations following repetitive firing 
(Frankenhaeuser & Hodgkin, 1956) are probably important factors in con- 
trolling spike amplitude. It appears reasonable to conclude that generator 
potentials are a consequence of a change in permeability of some parts of the 
cell’s membrane and that impulses originate at some distance from the soma, 
which they never invade. The finding that spikes are smaller when firing is 
induced by light than when it is evoked by currents can be ascribed to the 
decrease of membrane resistance during illumination. 

Since the photoreceptor is supposed to be located around the dendrite 
(Miller, 1957) but not around the cell body of eccentric cells (T. Wanko, 
unpublished), it is reasonable to think that the generator potential originates 
in the dendrite and spreads from there to the soma. The functional organiza- 
tion of the eccentric cell appears therefore to be similar to that of the stretch 
receptors of lobsters, described by Eyzaguirre & Kuffler (1955). 
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The hypothesis that generator potentials are the result of a change in perme- 
ability provides a basis for speculation on the nature of the processes linking 
photochemical to neural activity in the eye. It has sometimes been assumed 
(Hartline, Wagner & MacNichol, 1952; Wald & Brown, 1952) that visual nerve 
cells are excited by electric currents originating in photoreceptors, and efforts 
have been made to record electrical activity from photoreceptors cells (Ottoson 
& Svaetichin, 1952; Svaetichin, 1953, 1956a, b). The findings described in 
this article are not consistent with the view that the generator potential 
originates as a drop in potential produced on the nerve cell membrane by 
currents generated by external elements, because such a drop in potential 
would not be a function of membrane potential (cf. Fatt & Katz, 1951). Also, 
the change in permeability supposed to be responsible for production of 
generator potentials could not be triggered by currents from photoreceptors, 
because no change in resistance is produced by currents through the mem- 
brane. For these reasons it is suggested that nerve cells in the Limulus eye are 
activated by a chemical product liberated by the photoreceptors during 
illumination (Grundfest, 1958a, 5). 


SUMMARY 


1. Electrical properties of visual cells in the eye of Limulus have been 
studied by means of intracellular micro-electrodes. 

2. A measurement of membrane resistance was obtained by comparing the 
responses elicited in the same unit by light or by depolarizing currents. 

3. Peak-to-peak spike amplitude was found to be smaller when firing at a 
given frequency was evoked by light than when it was evoked by depolarizing 
currents, 

4. The amplitude of the potential recorded following a given illumination is 
increased by hyperpolarizing currents and decreased by depolarizing currents. 
Conversely, frequency of firing evoked by a given light is decreased by hyper- 
polarizing currents and increased by depolarizing currents. 

5. The increase of firing frequency evoked by a given depolarizing current 
is less during illumination than in darkness. If the drop in potential evoked 
by an alternating current is balanced by means of a bridge while the cell is in 
darkness, it can be seen that bridge balance changes during illumination. These 
results are ascribed to a decrease of membrane resistance during illumination. 

6. Itis suggested that generator potentials arise as a consequence of a change 
of permeability of the cell’s membrane, and that this change of permeability 
originates by the action of a chemical substance liberated by the photo- 


receptor during illumination. 
I wish to thank Drs K. Frank and I. Tasaki for reading this manuscript and for offering most 
valuable suggestions. 
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A THEORETICAL TREATMENT OF FUORTES’S OBSERVATIONS 
UPON ECCENTRIC CELL ACTIVITY IN LIMULUS 


By W. A. H. RUSHTON 
Physiological Laboratory, University of Cambridge 
(Received 3 March 1959) 


In the foregoing paper Fuortes (1959) has presented an extensive experi- 
mental analysis of the activity of the eccentric cell in the eye of Limulus when 
excited by light and by depolarizing currents. His work involves six quantities: 
the light J and the current 7 which oan be varied at will, the recorded potential 
U and the impulse frequency n which can be measured, and the membrane 
resistance R and potential V which can be deduced. 

The eccentric cell was impaled by a micropipette used for recording potential 
changes and also for passing currents. In the absence of applied current the 
record shows the membrane potential V (Fig. 1), but when current flows the 
large drop in potential through the (50-100. MQ) resistance of the electrode will 
appear superimposed upon the record. In the experiment this instrumental 
artifact was balanced out by the bridge arrangement shown in Fig. 1, in which 
the setting was performed as follows. First the compensation voltage was 
adjusted to a positive value V, which balanced out the negative membrane 
potential V when in the dark and with no current 7 flowing, so that V + V, = 0. 
Then the bridge resistance R, was adjusted (with the preparation still in the 
dark) so that there was no recorded potential U whatever the size or direction 
of the current pulse i (generated by S) within the range employed. If R, is 
the membrane resistance of the eccentric cell in the dark and R,+Re the 
total resistance in arm 4 of the bridge, this setting of R, secures that the 
recorded potential U measures the potential developed in arm 4 of the bridge 
minus i(R,+Re). Thus in any condition of excitation 

U=V+ Re), 
U+i.R, (1) 
Fuortes’s postulate 
Since the technique employed does not permit either Ry or V to be directly 
measured, some further relation must be given before equation (1) can be 
solved. Fuortes puts forward the following postulate. ‘The impulse frequency 
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n is uniquely dependent upon the membrane potential V’. This means that no 
matter by what combination of light and depolarizing current the membrane 
potential has reached some value V,, will always have the same corresponding 
value n,. So equation (1) becomes the double equation 


U+i.R,=V+V,=f(n). (2) 


= 
U+ iRo = V+ Vo=f(n) 


Fig. 1. Fuortes’s bridge balance circuit. V, membrane potential in any condition of stimulation ; 
V., compensating voltage adjusted in the dark; R,, membrane resistance in the dark; S, 
pulse generator to produce depolarizing current +i or hyperpolarizing current - +. 


Dr Fuortes has kindly sent me the measurements from which his Fig. 7 was 
constructed and they are in part reproduced here in Table 1, which shows, for 
various light intensities J, and depolarizing currents 1, the values of U, and n 
observed. If we knew the value of R,, then from equation (2) we could test 
Fuortes’s postulate by plotting n against (U+7.R,) and finding whether the 
curves obtained with each value of J are identical. This is in fact done in Fig. 3, 
but first the appropriate value of R, must be found. 


In Fig. 2 the left vertical scale gives the recorded potential U and the right scale the depolarizing 
current t+. In Table 1 the first column of the figures gives a set of values of U when i = 0-8; and 
in Fig. 2 these results are represented by the pencil of lines going from 0-8 on the i-scale to the 
various tabulated values on the U-scale. Each line is labelled on the right with the corresponding 
impulse frequency n (from Table 1) and on the left with its J-value. The same is done with the 
second column, which generates the pencil of lines from 0, —— and so on. Now consider any ray 
(whose frequency label may be called n,) and trace it as it crosses the rays of a different pencil. 
The first rays to be crossed will in general have n-numbers less (or greater) than n, and the last 
rays to be crossed will have n-numbers greater (or less) than n,. So there is some region in the 
pencil where n, would meet another ray labelled n,. In Fig. 2 a dot is placed upon each ray where 
it is judged it would meet rays of the same label. If Fuortes’s postulate were true, the experiments 
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accurate, and the points well judged, they would all fall upon a vertical line whose position 
determines Rg. 

It is seen that in fact they lie very close to the vertical line drawn, and the corresponding 
resistance R, is found from the dotted lines which cross upon this vertical line. They show that a 
fall in ¢ of 1 nA, together with a rise of 5-5 mV, leaves f(n) unchanged; so we see from equation 
(2) that R, = 55 MQ. 

It will be unnecessary to give the proof of the projective properties stated 
above, for the object is simply to arrive at the value of R, (if any) which will 
permit Fuortes’s postulate to be substantiated; and Fig. 3 will provide a 
postiort justification for the value 5-5 MQ found. In Table 1 the numerical 


TaBLe 1. The measurements from which Fuortes’s Fig. 7 was plotted 


I i 0-8 0 -0-8 — 2-3 -—43 — 6-4 

100 n 60 49-5 31-2 5-4 
U 10-2 11-6 13-6 16-6 19 9 
U +5-5i 14-6 11-6 9-2 12-3 

25 n 50-7 37 20 — — — 

U 8-0 9-0 10-7 13-1 16-2 19 

U +5-5i 12-4 9-0 6-3 +0°5 —75 — 16-2 

6-2 n 41-6 23-2 9-2 — — — 
U 6 6-7 8-4 10-2 12-9 15°5 
U+5-5i 10-4 6-7 4-0 — 2-4 — 10-8 — 19-7 

1-5 n 33 14 3 
U 4:3 5-2 6°5 76 10 11-6 
U +5-5i +8°7 5-2 2-1 -5-0 13-7 — 23-6 

0-4 n 28 8-6 
U 31 3-6 4-9 5-1 6-8 8-4 
U +5-5i 3-6 0-5 -17 — 26-8 
0-1 U 15 2-0 2-8 3-2 4-6 5-4 
U+5-5i 5-9 2-0 — 9-4 -—19-1 — 29-8 


values of U+5-5 x4 are given, and in Fig. 3 these are plotted (horizontally) 
against the corresponding frequencies n, the different symbols referring to the 
different intensities of light. It is seen that all the points lie approximately 
upon the same curve, which happens to be a straight line. Thus Fuortes’s 
postulate is substantiated and R,, the membrane resistance in the dark, is 
5-5 MQ. | 

Turning back to equation (1) we now know both V,, the compensating 
voltage (which was 45 mV in the experiment of Table 1), and (U+1x R,); so 
we may plot the membrane potential V for any combination of light and 
depolarization, from the results of Table 1. This is given by the circles of Fig. 4 
which is essentially a copy of Fuortes’s Fig. 7; but the ordinates are now seen 
to be in fact the membrane depolarization measured upwards from the resting 
value of —45 mV. For each intensity of light J the circles lie upon a straight 
line, and all the J-lines meet at a depolarization of 7 nA(+7 x 10-* A). If R; is 
the membrane resistance in light of intensity 7, then by definition 
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But from Fig. 4, dV/di is the slope of line J which is constant throughout its 
length; so from eqn. (3), R, is constant for a given light independent of 1, but 
diminishes with increase in J, This marked distinction between the effect of 
light and of current upon the membrane resistance has already been emphasized 
by Fuortes. 


y i (nA) 
Symbol J 
=100 
-60 
x = 62 
+ =15 
-50 
8130 j 
-10 
U+55i=V+V) 
0 2 4 6 8 101214 16 
mV 
Fig. 2 ; Fig. 3 


Fig. 2. Vertical scale of U on left, of i on right. Corresponding values of U and i in Table 1 are 
plotted as lines joining these values on the scales. The corresponding values of impulse 
frequencies n (Tablejl) are indicated at right of each line, and the light intensity J at the left. 
If the analytic structure in this paper is true, all lines of the same » value converge upon the 
middle vertical line which is a uniform scale in n. And all lines of the same J value converge 
upon the line joining U = 0 and i = 7. 

Fig. 3. Relation between impulse frequency » vertically and membrane depolarization 
V+V,=U-+iR, horizontally, where R, = 5-5 MQ, from Fig. 2. The relation for each light 
intensity J is plotted with a different symbol, and each relation falls upon the same curve 
which in fact is linear. 


Membrane schema 


Fuortes suggests in his Fig. 11 a model membrane which is exactly consistent 
with the above analysis and predicts that the set of lines in Fig. 4 should be 
concurrent. The schema is reproduced here (Fig. 4A), whence it is seen that 


where R; is a fixed resistance but Rg depends upon the light intensity J. V is 
obviously linear with 7 and the slope of the lines will depend upon R, and 
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Fig. 4. Circles show the membrane potential V plotted against depolarizing current i. Dots 
show impulse frequency n plotted against ¢. For each light intensity J the relation is linear 
and all the lines meet at i = 7. The slope of the line gives the membrane resistance R, for that 


light. It varies with J but not with i. 


Fig. 44. Membrane schema which will account for the lines of Fig. 4 if R, is light-sensitive, but 
R, is not. 
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hence upon J. For each value of V, ¢ will in general be different for different 
lights, but when V = E, 

i = (Ey—E;)/Rr 
for all values of J; and thus all J lines must pass through this point. The con- 
current pencil of Fig. 4 thus follows from the schema of Fig. 4 A. 

Frequency of impulses. The relation between n, the frequency of impulses, 
and V the membrane potential, is plotted in Fig. 3. So far we have only been 
concerned to note that the relation was a unique one, being independent of J, 
hence justifying Fuortes’s postulate. But it is of interest to observe that the 
relation is linear. This is also seen very exactly in the experimental results of 
Fuortes’s figs. 3 and 9. 

Hodgkin (1948) depolarized the unmyelinated nerves of Carcinus and found 
that many of these gave repetitive discharges of steady or very slowly- 
adapting frequency. Though his paper does not draw attention to the linear 
relation between depolarizing current and discharge frequency, this may be 
plotted from the records of his Plate 2, and may be seen to hold rather well up 
to about 60/sec. The linear relation therefore between membrane potential and 
impulse frequency is not a special property of the eccentric cell, and may well 
be a common property of unmyelinated nerve. Since there is a fixed linear rela- 
tion between V and n, the scale of V in Fig. 4 is also a linear scale of n. Thus 
the values of n plotted from Table 1 should lie upon the same concurrent pencil 
of lines as does V. In Fig. 4 the frequencies are plotted as dots, and are seen to 
fit the lines about as well as the circles do. Since discharge frequency cannot be 
negative, the dots cease when the J lines fall below the zero of the n scale. 

This frequency plot is only a different way of representing the relation 
already considered in Fig. 3, but it is the way in which it is represented in 
Fuortes’s Fig. 7 and describes more explicitly his results. 

In an extensive set of measurements such as those of Table 1 there is bound to be some experi- 
mental inexactness, and hence some arbitrariness as to the ‘best’ lines to draw. I have plotted 
Fuortes’s points, but have drawn my own lines, which deviate slightly from his. 

In particular, he obtains a value of 4-7 MQ for R, by considering the relation between i and n in 
the dark, which we have not mentioned. These results are in fact plotted in my Fig. 4 and lie close 
to the line J = 0 (dark), but instead of coinciding with that line and giving a resistance of 5-5 MQ 
they are seen to have a slope of about 4-7 MQ, as Fuortes found. In the legend to his Fig. 7 he 
states that these measurements were obtained some time later than the rest of the results, so 
possibly by then the membrane resistance had fallen slightly. 

If in Fig. 4 the concurrent point of the pencil has co-ordinates «, 8, and if 
the line J cuts the vertical axis through i = 0 at V, which corresponds to n,, 
the membrane resistance R, which is the slope of the line, is given by 


R, =(«—V;)/B. (4) 
Thus R, is a linear function of V;, which is a linear function of n,;. This means 
that light changes the membrane resistance, the membrane potential and the 
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frequency of discharge in such a way that they remain in fixed linear relations 
with each other. 

The effect of light wpon the membrane resistance 
The eccentric cell does not contain visual pigment, so the primary photo- 
chernical reaction must occur elsewhere, and start a train of events by which this 


cell is later excited. It might be thought that some electric current generated 
by structures near the eccentric cell flowed through it and stimulated it as did 
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Fig. 5. Points plot relation between R, (Fig. 4) and log /. The curve is the mathematical function 
log(1 +J) plotted against log/ and slid horizontally to fit the points. The upper interrupted 
curve is Stiles’s increment threshold relation, logA/J versus log] in man: the lower is the 
contribution of photoreceptors to the excitation pools in the frog’s retina as a function of 
log I. 


the depolarizing currents in Fuortes’s experiments. But, as he emphasizes, 
this cannot be the case, for light stimulation is associated with a drop in the 
membrane resistance R,, whereas stimulation by depolarizing currents is not. 
The action of the photoreceptors is therefore not to pass current but to lower 
the resistance R,, presumably by releasing some transmitter substance. The 
relation between J and R, is seen in Fig. 4 by measuring the slopes of the 
various J lines. 

In Fig. 5 these experimental values of R,—, plotted against logI are 
shown as dots, the left-hand vertical scale giving the absolute value of R,—R, 


observed (and also the value of R, since R, = 5-5 MQ). The continuous curve is 
3-2 
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the mathematical function log,)(1+J) plotted (right-hand scale) against 
log I and slid horizontally to fit the points. 
The good fit signifies that 


Ry — Ry = }logy(1 +251), (5) 


where the number 25 of course depends upon the light units employed. It is 
a familiar fact that in measuring visual performance of many kinds at dif- 
ferent levels of illumination, the performance appears to be linearly related to 
the logarithm of the light. This naturally does not apply to very weak lights, 
where the performance is around zero but where the logarithm is — oo, and 


an appropriate function is alog(1+1/b), (6) 


which at high illuminations is linear with log/, and is zero when I = 0. 

Barlow (1957) has pointed out that if the retina and neural mechanism had 
inherent activity indistinguishable from the activity aroused by light, and of 
magnitude b, then this must be included with the light in any transformations, 
signal-to-background discrimination, etc., which are subsequently made. This 
leads to expression (6) if b represents the spontaneous activity occurring in the 
mechanism (presumably the photoreceptor) where the logarithmic transfor- 
mation occurs. 

The upper dotted curve in Fig. 5 shows Stiles’s (1953) log increment threshold 
relation plotted against log/ for the various visual mechanisms of the human 
eye. The lower interrupted curve represents the contribution of photoreceptors 
_to the excitation pools in the retina of the frog (Rushton, 1959). Both these 
latter curves are derived from records of events at least one synapse more 
central than the records of Fuortes’s which form the basis of this paper. But 
since in Limulus the membrane resistance is related linearly to the membrane 
potential (equation 4), and hence to the frequency of nerve impulses (Fig. 3), 
the relation of Fig. 5 may well underlie retinal interactions of quite a distant 
and extensive kind, whether these are by the addition of ‘V’s through elec- 
trotonic spread or of ‘n’s by summation of impulses. 

If indeed we suppose that the transmitter substance is liberated by the 
photoreceptors in an amount proportional to 


log (1 +/b), 


and that the membrane resistance R, falls in proportion to the amount 
liberated, we get exactly the relation of Fig. 5 (though it is not easy to see how 
such a relation can arise physically). But, further, R, will be a linear function 
of the impulse frequency and each of those impulses will liberate its drop of 
transmitter to the synapse, so the effect will be to reproduce a synaptic change 
at the central end of the nerve, which is a linear function of the change at its 
periphery. This transmitter might be excitatory or inhibitory, and an example 
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of inhibition which exactly fits this scheme has been demonstrated in the eye 
of Limulus itself, by the elegant experiments of Hartline & Ratliff (1957). 


Conclusions 
In the present paper the studies of Fuortes upon exciting the eccentric cell 
of Limulus with a combination of light and depolarization have been analysed 
as follows: 
(1) In the important relation 


U+iR, = V+V,=kn+n, (2A) 


the first equatio ows from the bridge circuit (Fig. 1) used for recording, 
and_ttie second is $onsistent with Fuortes’s postulate, which states that 
sue function of n (the frequency of impulses) independent 
of the relative coytributions of U and i to V. 

(2) The experymental results of Fig. 3 support the postulate and show the 
n function to be linear. A similar linear function between n and i was found by 
Hodgkin (1948) in some unmyelinated fibres in Carcinus and it may be a 
common property of unmyelinated nerves. 

(3) Knowing R, from Figs. 2 and 3, we may plot the membrane potential V 
against the depolarizing current i for various light intensities 7. As is seen 
in Fig. 4, the results fall upon a set of concurrent straight lines whose slope is 
the membrane resistance R, in those conditions. It follows that the membrane 
resistance is affected by light but not by current. 

(4) The way in which R, is affected by light is shown in Fig. 5, and the good 
fit with the mathematical curve substantiates the relation 

R,—R, = alog(1+1/6). (7) 

(5) If the schema of Fig. 4.4 be taken as model of the cell membrane where 
R, depends upon light but R, does not, then the relation between V, ¢ and I to 
be expected is a concurrent set of straight lines such as those actually found 
(Fig. 4). Thus the quantitative structure of the observations probably follows 
from this electrical structure of the cell membrane. 

(6) It must, however, be noted that since R, is the only component of the 
cell membrane which is light-sensitive, the relation between light and re- 
sistance (equation 7) should be expressed primarily in terms of R,, not of Ry 
in parallel with R, which is R,. This makes the equation look much less 
attractive. | 

(7) However, R; is a useful entity to employ since over the range of these 
investigations not only does it exhibit the simple empirical relation of equation 
(7), but also it is a linear function both of the membrane potential V and the 
discharge frequency n. 
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SUMMARY 


1. The experiments of Fuortes upon the eccentric cell of Limulus pre- 
sented in the foregoing paper are here analysed. 

2. Fuortes’s conclusions are strengthened, and his results shown to follow 
from the membrane structure he proposes. 

3. The main steps in the analysis are summarized under ‘Conclusions’. 


Lam very greatly indebted to Professor A. L. Hodgkin for his help in presenting the ideas of this 
paper. 
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THE EXCITATION AND INHIBITION OF CRUSTACEAN 
MUSCLE BY AMINO ACIDS 


By J. ROBBINS 
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(Received 8 December 1958) 


Recently, y-aminobutyric acid (GABA) has become a molecule of notable 
interest in neuropharmacology. It has been shown to affect excitable tissues 
of several invertebrates by Bazemore, Elliott & Florey (1956, 1957), Brockman 
& Burson (1957) and McLennan (19574, 6). It also affects several mammalian 
preparations (Hayashi & Nagai, 1956; Takahashi, Tiba, lino & Takayasu, 
1956; Hobbiger, 1958). GABA is present in relatively high concentration in 
mammalian brain (Awapara, Landua, Fuerst & Seale, 1950; Roberts & 
Frankel, 1950; Udenfriend, 1950) and accounts for some of the inhibitory 
activity of the brain extract, Factor I (Bazemore et al. 1956, 1957; Brockman & 
Burson, 1957). These findings led Florey (1957) to conclude that GABA is the 
transmitter at certain inhibitory synapses. 

One of the preparations inhibited by GABA is the sicahaaat i neuromuscular 
_ system of the crayfish claw (McLennan, 1957a; Brockman & Burson, 1957). 
The opener muscle of the claw is innervated by an inhibitory (I) fibre (Marmont 
& Wiersma, 1938), and the convulsant drug picrotoxin selectively blocks the 
inhibitory action of this fibre (Van der Kloot, Robbins & Cooke, 1958; Robbins 
& Van der Kloot, 1958). Picrotoxin also blocks the inhibitory action of an 
I fibre and of GABA on the crustacean heart (Florey, 1957). Thus, the addi- 
tional findings that the inhibitory action and the electrical effects of GABA on 
crayfish muscle are prevented by picrotoxin led Van der Kloot & Robbins 
(1959) to conclude that GABA mimics the inhibitory transmitter. 

The importance of GABA being recognized, it was considered desirable to 
investigate the activity of closely related molecules on the crustacean neuro- 
muscular system. Perhaps the most surprising result of these studies was the 
discovery that several amino acids excite in low concentration and block in 
higher concentration. The actions of the inhibitory and the excitatory com- 
pounds and their interaction with picrotoxin are described in this paper. 
A preliminary account of some of these results has already been briefly 
reported (Robbins, 1958). 
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METHODS 


Animals. The crayfish Cambarus clarkii was used for all experiments. Fresh animals were 
received weekly from biological supply houses and were kept in tanks of running tap water. 

Preparations. The opener muscle of the claw was used in all studies. The claw was prepared as 
described by Robbins & Van der Kloot (1958) except that only the small nerve bundle containing 
the excitatory (E) fibre to the opener muscle was arranged for stimulation (all other nerve bundles 
in the meropodite segment were discarded). An isotonic lever was ordinarily used to record 
contraction. 

One Grass S4A stimulator was used to stimulate the E fibre with monophasic pulses of 0-1 msec 
duration. The length of the stimulus train was controlled by a second Grass stimulator used as 
a modulator. In most experiments the fibre was stimulated for 950 msec every 30 sec. 

The temperature during the experiments ranged from 19 to 27°C. However, throughout any 
one experiment the variation in room temperature did not exceed 1-2° C. 

Perfusion fluid. The crayfish solution of van Harreveld (1936) was the perfusion fluid used for 
all experiments. The compounds to be tested were dissolved in this perfusion fluid and were 
brought to pH 7-8+0-2 by the addition of NaOH or HCl. Fresh solutions of compounds were 
usually prepared for each experiment. For most experiments the solutions were kept in a water- 
bath at room temperature. In this way the temperatures of the solutions were maintained within 
1° C of each other. The preparation was perfused with 10 ml. of solution during the intervals 
between stimulations. During perfusion the ink-writing lever was displaced from the kymograph 
drum so that the dactyl was open, thereby allowing a steady stream of perfusion fluid to flow over 
the opener muscle. 

Determination of the relative inhibitory activity of different compounds. The following method was 
devised to determine quantitatively the relative inhibitory activity of different compounds. Once 
every 30 sec the E fibre was stimulated for 950 msec at a frequency of 80/sec. GABA was applied 
in a concentration which reduced the contraction to about 50 % of its original height. The prepara- 
tion was then washed free from the GABA. Then a low concentration of the compound to be tested 
was perfused into the claw, and perfusion was continued between stimulations until a constant 
reduction in the height of contraction was reached. The claw was next perfused with a higher 
concentration of the test solution. By continuing in this fashion, it was possible to determine the 
concentration of the compound needed to produce 50% inhibition. 

Injections into living crayfish. 1-0 ml. of perfusion fluid containing the drug was injected dorsally 
between the carapace and the first segment of the abdomen of living crayfish weighing 12-18 g. 


This relatively large volume of fluid never caused observable effects unless it contained in suitable 


concentration a drug which affected the peripheral neuromuscular system. 


RESULTS 
Inhibition by GABA and the effect of picrotoxin 

When the E fibre was stimulated at 80/sec, 8x 10-*m GABA consistently 
reduced the contraction height by 20-60%. The exact reduction depended on, 
and remained relatively constant for, each preparation. Higher concentrations 
of GABA inhibited completely. However, the extent of inhibition depends not 
only on the concentration of GABA but also on the rate of E fibre stimulation. 
For example, contractions which were completely inhibited by 10m GABA 
when the E fibre was stimulated at 80/sec were only partially inhibited when 
the frequency of stimulation was raised to 120/sec. 

Experiments were conducted in which the main axon of the E fibre was 
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soaked in 10-*m GABA while the opener muscle was perfused with perfusion 
fluid. During this period stimulation of the GABA-soaked fibre produced 
normal contractions, which were inhibited only when the muscle was perfused 
with 10-*m GABA. Therefore, GABA does not block or interfere with con- 
duction along the main axon of the E fibre. 


25 x GABA 2.5 x 10°4m GABA 
+1073 M picrotoxin 

in! 


+1073 

Perfusion fluid i 4m GABA picrotoxin 


Perfusion fluid 


rary f 


Fig. 1. The effects of GABA and of picrotoxin on the opener muscle. In each series of measure- 
ments the E fibre was stimulated eight times. Each stimulation was at a frequency of 95/sec 
delivered for 800 msec, The preparation was perfused before each series; before the first 
introduction of GABA, with perfusion fluid. 

As was stated above (p. 39), the inhibitory effect of GABA is prevented by 
picrotoxin. However, it is important to recognize that in the presence of high 
concentrations of GABA the antagonism is not seen. In Fig. 1 it is apparent 
that the extent to which GABA’s inhibitory effect is blocked by picrotoxin 
depends on the relative concentrations of the two compounds. Other experi- 
ments showed that 10-m picrotoxin always completely reversed the partial 
inhibition caused by 8 x 10-*u GABA. 


Molecular structure and inhibitory effect 

The effects of several related compounds were quantitatively tested on the 
muscle preparation as described in Methods. From a series of experiments it 
was possible to determine the effect of changing the length of the carbon chain 
- in monocarboxylic aliphatic amino acids possessing a terminal (w) amino 
group. The four-carbon compound GABA possesses the greatest inhibitory 
activity. The five-carbon analogue 5-aminovaleric acid and the three-carbon 
analogue f-alanine are 20 and 50 times weaker, respectively, than GABA. The 
six-carbon compound ¢-aminocaproic acid possesses less than 1/1000 the 
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activity of GABA. The two-carbon compound glycine and the eight-carbon 
compound w-aminocaprylic acid showed no significant inhibitory activity at 
10-*a, the highest concentration tested. 

Two other amino acids were found to produce significant inhibition. 
Guanidoacetic acid, in which the amino group is separated from the carboxy] 
group by almost the same length as it isin GABA, is almost as potent as GABA. 
Taurine, the sulphonic acid analogue of B-alanine, is but slightly weaker than 
B-alanine; the inhibitory effect of both B-alanine and of taurine is prevented by 
10-*m picrotoxin. 

Several other amino acids were tested on the opener muscle preparation 
when the E fibre was stimulated at about 80/sec. DL-«-y-diaminobutyric acid 
is more than 100 times weaker than GABA. f-amino-isobutyric acid and 
B-aminobutyric acid produced only slight inhibition at 10-*m. L-«-alanine, 
DL-a-aminobutyric acid, butyric acid and creatine did not inhibit even in 
concentrations as high as 10-*m. 


Each of the compounds discussed above was injected into living crayfish. It was observed within 
1 min after injection that each of the compounds found to inhibit the muscle preparation caused 
either weakness or a total flaccid paralysis, depending on the concentration injected. The relative 
potency of these inhibitory compounds was essentially the same when determined by injection as 
when determined on the muscle preparation. All the compounds which were found to be inactive 
when perfused over the opener muscle in concentrations of 10-* m were also inactive when injected 
in 1-0 ml. volumes of 10-1 m. These results suggest that this simple injection technique may be 
suitable for screening compounds for activity at inhibitory junctions. 

Twenty-four other amino acids produced no observable effect when 1-0 ml. of 0-1 mM (or the 
indicated concentration) was injected into living crayfish, and these were not tested on the muscle 
preparation. These amino acids are: p-aminobenzoic acid, p-aminophenylacetic acid, L-arginine, 
L-asparagine, L-citrulline, creatinine, L-cysteine, 10-‘M L-cystine, 10-‘m p1t-djenkolic acid, 
hydroxy-t-proline, L-isoleucine, L-leucine, 10-* m L-lysine, L-methionine, 10-* m pi-norleucine, 
DL-norvaline, pL-ornithine, L-phenylalanine, 7 x 10-? M sarcosine, L-serine, L-threonine, 10-* m 
L-tryptophane, 10-* m 1-tyrosine, and t-valine. 


Compounds which activate and block the excitatory system 


While we were studying molecules structurally related to GABA, some 
compounds were found which caused a spontaneous tonic contracture. In 
higher concentrations these same compounds prevented the contraction in 
response to E fibre stimulation. The most potent compound in this group is 
L-glutamic acid. 

Figure 2 shows that perfusion of 2 x 10-°m L-glutamic acid caused a slight 
but definite increase in the height of a contraction produced by stimulation of 
the E fibre. But the facilitation was transient, for in spite of the continued 
perfusion of the L-glutamic acid the contractions soon returned to normal. 
Facilitation always occurred after each initial application of from 2 x 10-°m to 


4 x 10-°m L-glutamic acid. Therefore it seemed certain that the facilitation was 
due to the L-glutamic acid. 
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Slightly greater concentrations of L-glutamic acid, 10-4m for example, 
elicited a contracture which quickly reached a maximum height and then 
declined, rapidly at first and then more slowly (Fig. 3). It should be noted that 
stimulation of the K fibre still gave contractions which were superimposed on 
the contracture. When the frequency of E fibre stimulation was raised from 
80 to 150/sec, the contraction was increased in height. 


2 x 10° M L-glutamic acid 


Fig. 2. The effect of 2 x 10-5 m L-glutamic acid on the contraction of the opener muscle. Each 
contraction was produced by stimulating the E fibre at 90/sec for 950 msec; 30 sec rest was 
allowed between stimulations. Before the first arrow the muscle was perfused with rrfusion 
fluid before each stimulation ; after the arrow, it was perfused with 2 x 10-* m L-glutamic acid 

_ before each stimulation (except in the single instance where the writing lever was not displaced 
from the kymograph drunf. 


When the preparation of Fig. 3 was washed free from the 10-*m L-glutamic 
acid, the contracture soon ended, and the contractions returned to their normal 
_ height. However, it is noteworthy that the contraction obtained immediately 
after the beginning of the washing was definitely lower than normal, possibly 
because the neuromuscular system had become fatigued during the long 
contracture. 

Greater concentrations of t-glutamic acid produced an additional effect. 
For example, perfusion of from 2 x 10-*m to 4 x 10-4m L-glutamic acid almost 
always produced a long-lasting contracture. But within 1 min after intro- 
duction of the .-glutamic acid, contractions could no longer be obtained 
(Fig. 4). Thus 4x 10-*m t-glutamic acid produced two effects: a contracture 
and a block of contraction in response to stimulation of the E fibre. When the 
preparation was washed free from the L-glutamic acid the contracture dis- 
appeared, while the contractions returned toward their normal height. 
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5x 10-*m or greater concentrations of t-glutamic acid produced a rapid, 
complete block of contraction but no sustained contracture. This complete 
block was usually preceded by a small, transient contracture. In a few cases, 
before the block was complete, it was possible to obtain a reduced contraction ; 


300, 


1074 M L-glutamic acid Perfusion fluid 


Fig. 3. The effect of t-glutamic acid on the opener muscle: contracture with superimposed con- 
tractions. The solid columns record the contraction in response to E fibre stimulation; the 
hatched columns record the contracture existing just before the E fibre was stimulated. 
Both columns are expressed as percentages of the initial contraction. The muscle was perfused 
with the indicated solution before every stimulation. Each contraction is a response to 
E fibre stimulation every 30 sec at 80/sec for 950 msec. For the third and second stimulations 
before the second arrow the E frequency was raised to 100 and 150/sec, respectively. 


a similar type of block was observed also by Brockman & Burson (1957) on 
the crayfish opener muscle. All the blocking effects of these high concentra- 
tions of L-glutamic acid were reversed by washing the preparation free from 
the compound. A contracture was never observed while these high concentra- 
tions of L-glutamic acid were being washed from the claws. 


L-glutamic acid and picrotoxin 
The next step was to determine whether the effects of t-glutamic acid were 
antagonized by picrotoxin. The result of one experiment is presented in Fig. 4. 
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This experiment shows that simultaneous perfusion with picrotoxin had no 
observable effect on the contracture produced by t-glutamic acid. Picrotoxin 
was then applied to preparations in which only small contractions could be 
superimposed on a contracture caused by s-glutamic acid. In none of these 
experiments was the height of the contractions increased by the picrotoxin. 
Clearly, picrotoxin does not antagonize the block of contraction caused by 
L-glutamiec acid. 

200- 


Percentage of initial contraction 


t 
4 x M L-ghutamic acid | Perfusion fluid 
4x M L-glutamic 


acid + picrotoxin 


Fig. 4. The effect of t-glutamic acid on the opener muscle: blocking of contraction in the presence 
of a contracture. Stimulation every 30 sec at 90/sec for 900 msec; details as in Fig. 3. 


The effect of u-glutamic acid on the excitatory fibre 
Several drugs are known to affect the excitability of crustacean nerve (Ellis, 
Thienes & Wiersma, 1942). It seemed possible, therefore, that low concentra- 
tions of L-glutamic acid might produce spontaneous firing of the main axon of 


_ the E fibre and thereby cause contracture; higher concentrations might prevent 


conduction and thus block contraction. Two experiments, using the method 
described before, were conducted to see if 10-* or 10-*m t-glutamic acid 
affected the main axon of the E fibre. In neither experiment did soaking the 
axon in the L-glutamic acid cause contracture or block contraction. 


Molecular structure and excitatory activity 
Because of the known specificity of many enzymic and pharmacological 
systems for one of two or more optical isomers, it was of interest to determine 
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the excitatory activity uf p-glutamic acid. It was found that p-glutamic acid 
produced no observable effect in concentrations up to approximately 10-*m. 
At concentrations greater than 10-*m it began to reduce the height of con- 
traction without having produced any observable facilitation or contracture. 

The effect was studied of increasing the length of the chain in monoamino 
dicarboxylic aliphatic amino acids. The five-carbon dicarboxylic amino acid, 
L-glutamic acid, had a greater excitatory activity than its four-carbon 
analogue, L-aspartic acid. The six-carbon analogue DL-«-aminoadipic acid 
did not excite the muscle preparation in concentrations up to 5 x 10-*, so, 
even if it can excite the muscle, it must be weaker than L-glutamic acid. 
However, it should be noted that while this decreased activity may be due 
to the increase in chain length, it may also be due to the presence of the 
D-isomer in the racemic mixture of the six-carbon compound (L-«-aminoadipic 
acid was not available). 

L-cysteic acid, the sulphonic amino acid analogue of L-aspartic acid, 
produced contracture in the muscle preparation. It excited in concentrations 
slightly greater than those required by L-aspartic acid. Glutaric, «-keto- 
glutaric and N-acetyl-L-glutamic acid were all inactive when tested on the 
opener muscle preparation in concentrations as high as 10-?M. 

Crayfish were injected with these monoamino dicarboxylic amino acids and the structural 
analogues mentioned above. All those compounds which excited the muscle produced some tonic 
contraction within 1 min after injection. The effective concentrations were slightly higher than those 
required for excitation of the muscle preparation. When very high concentrations of the more 
powerfully exciting substances were injected, a flaccid paralysis often resulted, for these compounds 
can block contraction. However, in these cases there was either a tonic contraction just before 
the paralysis began or else some wild movement of an appendage. All the compounds which were 
inactive when tested on the muscle at 10-* m were also inactive when 1-0 ml. of 10-' m was injected 


into crayfish. Thus it can be assumed that the twenty-four amino acids found to be without effect 
when injected into living crayfish do not excite crayfish muscle. 


L-glutamic acid and GABA 

It was important to determine if the contracture produced by L-glutamic 
acid could be prevented by GABA. As is shown in Fig. 5, both the contracture 
produced by L-glutamic acid and the contractions in response to stimulation 
of the E fibre were prevented by 10-*m GABA. It has also been shown that 
taurine, which is an inhibitory compound, prevents the contracture produced 
by L-aspartic acid. Experiments have not been conducted to determine if this 
action of GABA is blocked by picrotoxin. 


DISCUSSION 

Perhaps the most important conclusion to be drawn about the relationship 
between molecular structure and inhibitory activity is that of all the com- 
pounds tested the most potent is GABA. The structural requirements for 
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inhibitory action are highly specific. Of the many amino acids tested only a 
few inhibited significantly, guanidoacetic acid, 5-aminovaleric acid, A-alanine 
and taurine, in order of decreasing potency. These compounds are all closely 


related to GABA in structure in possessing an amino group at one end of the 
molecule and an acid radical at the other. 


200 


175- 


- Percentage of initial contraction 


L-glutamic Jperfusion fluid 
acid 
L-glutamic 
acid +107 
mM GABA 


Fig. 5. Prevention by GABA of a contracture produced by 10‘ m L-glutamic acid. Every 30 sec 
the E fibre was stimulated at 90/sec for 950 msec. The solid rectangles indicate absence of 
both contraction and contracture. Details as in Fig. 3. 


Many of the amino acids which inhibit contraction have been reported to 
prevent the generation of impulses in the crayfish stretch receptor neurone 
(Bazemore et al. 1956, 1957; Edwards, 1957); to decrease evoked cortical 
potentials in mammalian brain (Hayashi & Nagai, 1956; Iwama & Jasper, 
1957; Purpura, Girado & Grundfest, 1957a,b, 1958); and to affect blood 
pressure in the rabbit (Takahashi et al. 1956). It was in these studies that 
many of these amino acids were first introduced into neuropharmacology. It is 
interesting that the relative potency of many of these compounds in inhibiting 
crayfish muscle is generally similar to their relative activity on these other 
preparations. 
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GABA increases the conductance of the muscle membrane (Boistel & Fatt, 
1958; Van der Kloot & Robbins, 1959). This action resembles that of the 
I fibre originally described by Fatt & Katz (1953). However, the exact 
mechanism by which GABA activates the inhibitory process cannot be deter- 
mined from the present data. The most likely mode of action is that GABA 
combines with the I receptor in the post-junctional membrane. But the 
possibility that it causes the release of the inhibitory transmitter from the 
I fibre cannot yet be excluded. 

The exact site of the highly specific action of picrotoxin to prevent inhibition 
by the I fibre (Van der Kloot et al. 1958; Robbins & Van der Kloot, 1958) and 
by GABA (Van der Kloot & Robbins, 1959) is not known. Florey (1957) has 
presented evidence that a perfusate from the stimulated I fibre to the crayfish 
heart contained the I transmitter and that picrotoxin prevented this perfusate’s 
inhibitory action on the heart. Thus it can be concluded that picrotoxin acts 
on the muscle to prevent inhibition. It is therefore possible that picrotoxin 
competes with GABA for the I receptor sites, or picrotoxin could prevent some 
process which is initiated by the combination of GABA and the I receptor. In 
either case the effect of picrotoxin would be opposed to that of GABA, so that 
increasing the concentration of GABA would tend to overcome the blocking 
action of picrotoxin (see Fig. 1). 

It will be remembered that L-glutamic acid in low concentrations facilitates 
contraction and in slightly greater concentrations produces contracture. This 
excitation is reversible and is prevented by GABA. These observations indicate 
that L-glutamic acid activates some step in the excitatory process. Since this 
work was completed, it has been reported that L-glutamic acid excites crayfish 
abdominal muscle (Elliott & van Gelden, 1958), and that glutamate causes an 
increase in the conductance of crayfish muscle membrane (Boistel & Fatt, 1958). 

Of the many compounds tested, only a small number of amino acids excited. 
L-aspartic acid and L-cysteic acid produced contracture of the opener muscle, 
but only in concentrations greater than those required for L-glutamic acid. 
Each of these exciting compounds possesses a carboxyl and an amino group at 
one end of the molecule and an acid radical at the other. 

From the present experiments it is not possible to determine the mechanism 
by which L-glutamic acid activates the excitatory process. The experiments in 
which the main portion of the axon was soaked in L-glutamic acid showed that 
the compound does not produce spontaneous firing in the E axon. However, 
L-glutamic acid could act directly on the terminals of the E fibre and cause the 
release of the K transmitter, or it could be acting directly on the muscle, perhaps 
by combining with the receptor sites for the E transmitter. The possibility that 
L-glutamic acid is the E transmitter at this neuromuscular junction is com- 
patible with all the results. Glutamic acid is present in crustacean peripheral 
nerve (Lewis, 1952). 
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The exact mechanism by which t-glutamic acid blocks contraction is also 
unknown. However, the blocking action is not prevented by picrotoxin, so 
L-glutamic acid, unlike GABA, does not prevent contraction by mimicking the 
I transmitter. 

Active amino acids thus have distinct effects on the crustacean muscle 
fibre. Some produce an inhibition which mimics that caused by the I fibre; 
others produce an excitation resembling that caused by the E fibre and, in 
addition, when present in high concentration, can block muscular contraction. 


SUMMARY 
1. GABA inhibits contraction of the opener muscle of the claw of the 
crayfish, Cambarus clarku. The extent of the inhibition depends on both the 
concentration of GABA and the frequency of stimulation of the excitatory 


fibre. The inhibition is not preceded by excitation and is readily reversed 


when the preparation is washed. 

2. Picrotoxin blocks the inhibition produced by GABA. 

3. The molecular requirements for inhibitory activity are highly specific. 
Of the many compounds tested, GABA was the most potent. 

4. L-glutamic acid excites the opener muscle; it produces contracture at 
10-*m. The contracture is prevented by GABA and is eliminated by washing 
the muscle free from the drug. 

5. Greater concentrations of L-glutamic acid block contraction. The block is 
reversible but is not antagonized by picrotoxin. 

6. The molecular requirements for excitation are highly specific. Of the 
many compounds tested, L-glutamic acid was the most potent. 

7. The possible modes of action of GABA, picrotoxin and L-glutamic acid 
are discussed. 


I am greatly indebted to Professor William Van der Kloot, New York University College of 
Medicine, for his constant encouragement, helpful suggestions and for a critical reading of the 
manuscript. I am most grateful to Professor 8. C. Wang, Columbia University, for his kind interest 
and encouragement. This study was supported by Grant B-31 made to Professor 8S. C. Wang by 
the National Institute of Neurological Diseases and Blindness, United States Public Health 
Service.-The author was assisted by a summer fellowship from the College of Physicians and 
Surgeons, Columbia University. 
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Note added in proof 


Since this paper was submitted, my attention has been drawn to the recent 
reports of van Harreveld, A. (1959) and of van Harreveld, A. & Mendelson, M. 
(1959) on the effects on crustacean muscle of glutamic acid. Their findings are 
generally similar to those described in this paper. 
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SECRETION OF SODIUM IONS BY THE FROG’S SARTORIUS 


By MARY J. CAREY, E. J. CONWAY anp R. P. KERNAN 
From the Biochemical Laboratory, University College, Dublin 


(Recewed 22 January 1959) 


In the membrane theory originally advanced by one of the authors (Conway & 
Boyle, 1939; Boyle & Conway, 1941), actual impermeability to Na ions was 
assumed with respect to the experiments then interpreted, but virtual im- 
permeability with a balance of Na entrance and excretion would have sufficed 


as well, It is, however, worth noting that at 0° C, or close thereto, at which 


temperature the various experiments with respect to K accumulation and the 
Donnan equilibrium were carried out, the sodium pump (as is shown in this 
communication) is practically fully inhibited. Also, at the level of external Na 
used, 86 mm, there was no net increase of muscle sodium over the experimental 
period. Thus, we were then dealing with what could be taken as an actual 
impermeability under the stated conditions. For more general conditions, 


_ however, it could be assumed that there is normally a slow entrance of Na ions, 


which implies some corresponding power of excretion in order to maintain the 
balanced state (Conway, 1947). 

The active excretion by skeletal muscle fibres of accumulated Na ions 
appears to have been first shown in this laboratory (Conway & Hingerty, 
1948). Rats, when fed on a K-free diet over a month, accumulated Na in the 
fibres (Heppel, 1939). On restoration to a K-rich diet, though the K content of 
the plasma returned to its normal level in less than a day, the accumulated Na 
was only very slowly extruded; the period of half extrusion was of the order of 
three days, though there were indications that a shorter half-period could 
result if plasma [K] was much elevated by the rapid ingestion of large 
amounts of KCl. 

At the same time, as was shown by Heppel (1940) in rat muscle, labelled Na 
exchanged fully with such accumulated Na within about 30 min. Considering 
the relatively very slow excretion of Na at, or even somewhat beyond, normal 
plasma K levels, this appears best explained by the ‘exchange diffusion’ 
mechanism proposed by Ussing (1949). It is obvious from such results that 


much caution should be exercised in interpreting observed fluxes of ey a as 


Lg, 

| 

+ 

a 

4 

A 

i 


52 MARY J. CAREY, E.J.CONWAY AND R. P. KERNAN 


corresponding to net transfers in one direction or another. Caution should be 
also exercised in assuming that influx of Na ions into frog muscle isolated in 
Ringer’s fluid, even when this corresponds closely to the mean inorganic 
composition of frog blood plasma, represents the normal influx (see Carey & 
Conway, 1954). In short, it is possible that the present assumed rate of 
entrance of Na ions into skeletal muscle and consequent excretion may be 
a good deal higher than that normally obtaining im vivo. 

With regard to the demonstration of Na excretion from the isolated frog 
sartorius, Steinbach (1940) claimed to have shown that, when it had accumu- 
lated much Na by immersion during the night at 0° C in K-free Ringer’s 
solution, on re-immersing the muscle a loss of Na occurred and a gain in K. 
These experiments were very few in number and the results were not confirmed 
here. 

In 1952 Steinbach published further experiments which appeared to yecon- 
cile our results with his own, in so far as when the muscle, after the first im- 
mersion, contained more than 50 m-equiv Na/kg, Na was extruded in the 
second immersion, but if less than 50 m-equiv/kg there was a gain of Na. 
Steinbach’s results, following his procedure, were confirmed here but were 
shown to arise largely, if not entirely, from his procedure considered statistically 
(Conway, 1957 a). 

However, Desmedt (1953) published similar immersion experiments in which 
it was shown that there occurred a considerable excretion of Na but Desmedt’s 
conditions differed from ours and from Steinbach’s in the following points: 
(a) The Ringer’s fluid, apart from the K content, had the same inorganic 
composition as that of the average frog’s blood plasma (Boyle & Conway, 1941). 
(6) The K-free immersion fluid for the first immersion contained 120 mm-Na, 
and the second immersion fluid at room temperature contained 104 mm-Na as 
well as 10 mm-K. 

Using Desmedt’s conditions we confirmed his results at once, and with each 
experiment obtained a marked excretion of Na far beyond the small amount 
that could be attributed to diffusion from the interspaces to equilibrate with 
the external fluid. We then proceeded to examine the question on what 
difference betfeen his conditions and ours this excretion depended. A pre- 
liminary account of such experiments was given by Conway & Carey (1956). 
A much more extensive series of experiments is described here. It was also 
found of interest to measure the membrane potentials and to plot the frequency 
distribution of such potentials in some of the conditions studied with respect 
to Na ion excretion. 7 | 

Besides such experiments the effect on the net excretion of Na of inhibitors 
as well as the effect of temperature (cooling to 0° C) and anoxia were also 
studied, and Na fluxes observed. 
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METHODS 

Experimental 
Sartorii were removed from frogs (Rana temporaria), the tendons were cut off, and in each experi- 4 
ment three muscles from three frogs were immersed during the night, without shaking, in 10 ml. : 
of K-free Ringer’s fluid (Table 1) at 0°C. The companion muscles were similarly treated. Each a 
of the groups of three muscles was removed after this period of soaking, blotted gently on : 
filter paper moistened with the soaking fluid and weighed rapidly. One group was analysed for 
sodium content, and the other at once re-immersed in 10 ml. of a K-containing Ringer's fluid a 
(Table 1) at room temperature, which had an average value of 18°C. The flasks containing 
these re-immersed muscles were shaken gently for 2 hr as standard practice, unless otherwise | 
mentioned, using a small mechanical shaker (microid flask shaker, as supplied by Messrs Griffin iy. 
and Tatlock Ltd.). The muscles were finally blotted gently, re-weighed and the sodium content ; 
determined. No stretching of the muscles was carried out in these experiments. 


TasxLze 1. Composition of fluids for immersions. All figures except pH values are given 


in m-mole/l. 
Soaking fluids Recovery fluids 
Sodium 120 120 104 104 104 ; 
Potassium 0-2 10 10 
Calcium 0-9 0-9 0-9 0-9 0-9 
Magnesium — 1-2 1-2 1-2 1-2 : 
116-5 88-5 72-5 82-5 107-5 
Phosphate 3-0 3-0 3-0 3-0 3-0 
Bicarbonate — 25-0 25-0 25-0 _ 
Sulphate 1-8 1-8 1-8 18 1-8 
Gluconate 0-9 0-9 0-9 0-9 
Glucose — 26-0 26-0 26-0 26-0 
pH 7-2 7-4 7-4 7-4 7:4 
Total molarity 242-4 267-3 235-3 255-3 255-3 ue 
Total molarity less any 242-4 267-3 235°3 240-3 240-3 
increase of KCl over 
normal 


A gas mixture containing 5% CO, +95% 0, was used for bubbling fluids B, ( and D. Nitrogen 
was used for bubbling fluid Z, and pure oxygen for fluid A. % 
Soaking fluid A. Used by Desmedt (1953) 
Soaking fluids B and C. Used by present authors (based on the Ringer-Conway fluid). They 
differ only in the NaCl content 


Recovery fluid D. Used by Desmedt and the present authors 
Recovery fluid Z. Used by present authors during treatment with anoxia 
Immersion fluids 


it will be noticed that the soaking fluid, or the fluid for the first immersion (B or C), differed 
from that (A) used by Desmedt (1953) chiefly in so far as A contained no glucose or bicarbonate. 
In some initial experiments we used the same soaking fluid as Desmedt, but as we found no 
noticeable difference in the amount of sodium entrance, or subsequently of sodium extrusion, we 
used the soaking fluid B listed in Table 1. This differs from the second immersion or recovery 
fluid D only in the absence of added KCl, and contains 120 instead of 104 mm-Na. However, the 
second immersion fluid used when investigating anoxia (Z) contained no bicarbonate and was 
bubbled with nitrogen gas, carefully washed with pyrogallol, with an oxygen-free saline solution 
used as a trap for any pyrogallol spray. In various series of experiments the soaking fluid C’ was 
used, which differs from B only in containing 16 mm less NaCl. 
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Inhibitor experiments 

When inhibitors were used, these were incorporated in the second immersion fluid while main- 
taining the sodium content as before and the pH at 7-4. A mixture of inhibitors was used in a first 
series of experiments. When we used this mixed inhibitor, the second immersion fluid contained 
5 mm-cyanide, 5 mm-dinitrophenol and 5 mm-mono-iodoacetate (Conway & Carey, 1956; Conway, 
1957 a). 

A very large series of experiments was then undertaken in which single inhibitors were incor- 
porated in the second immersion fluid. The inhibitor concentrations were 2 mm for cyanide, azide, 
and mono-iodoacetate, respectively. 2-4-dinitrophenol was used in 0-027 mm concentration (in 
a group of early experiments 2 mm was used), and ouabain as 10~* ma. In each inhibitor experi- 
ment dealt with here, companion muscles from three frogs (groups of three sartorii) were used. 
The initial K-free soaking fluid (at 0 °C) contained 120 mm-Na (fluid B, Table 1) and the re- 
immersion fluid, with and without inhibitor, contained 104 mm-Na, and 10 mm-K (fluid D, Table 1), 
the general procedure being described above under Experimental. 

The effect of anoxia was also examined. Nitrogen gas from a cylinder was washed through 
pyrogallol solution in three or four wash bottles, then passed through oxygen-free physiological 
saline as a protective trap and finally bubbled through the second immersion fluid, contained in 
conical flasks, the exit of the nitrogen occurring through a capillary tube. This bubbling was 
vigorously maintained for about 30 min before introducing the muscies as rapidly as possible. 

The inhibiting effect of reduced temperature on the secretion of sodium was studied by carrying 
out the second immersions at 0° C. 


Isotope experiments 

The muscles were labelled with *Na either by injecting labelled NaCl into the frog and leaving 
it during the night, or by incorporating labelled NaCl in the K-free soaking fluid for immersion 
during the night at 0° C. Muscles were counted in a stream of inactive solution flowing through a 
thin-bottomed chamber similar to that described by Keynes (1954). When determining the effect 
of temperature on the efflux of “Na, companion muscles were examined at room temperature 
(18°C) and at 0°C. In the latter case the muscle was first brought to 0° C, as was also the inactive 
fluid, which was led in a rapid flow through the counting chamber. 


Chemical methods 
Sodium in the muscle was determined by means of the Beckmann flame photometer, after 
drying, adding a few drops of 4 x-H,S80O,, ashing, dissolving and suitable diluting. 
Adenosine triphosphate was estimated by the Conway microdiffusion method (1957c) and also 
by the increase in free phosphate after 7 min hydrolysis (Lohmann, 1929). 


Membrane potentials 

The membrane potentials were measured using a micro-electrode prepared by the method of 
Graham & Gerard (1946) and Nastuk & Hodgkin (1950). The selected Pyrex capillaries drawn to 
a fine tip of approximately 0-5 diameter were filled with 3 m-KCl solution by boiling in vacuo 
while suspended in this fluid. The resistance of the electrode was usually of the order of 7-12 mf. 
A silver-silver-chloride wire was placed in a tube containing an agar-Ringer gel and this tube was 
held by a Fonbrune micromanipulator. The microcapillary was joined to the tube by means of 
a fine rubber connexion. 

Another silver-silver-chloride electrode was immersed in the Ringer’s fluid external to the 
fibres. The e.m.f. between these electrodes was applied via a cathode follower to an amplifier and 
cathode-ray oscilloscope of conventional type. The cathode-follower consisted of two RCA 954 
valves balanced about earth by means of a potentiometer so that there was no output potential 
difference without a signal at the input. 

In order to have the grid leads as short as possible and to reduce electrical interference, the 
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cathode-follower valve whose grid was connected to the microelectrode was mounted in a 
screening box on the side of the micromanipulator. The valve connected to the bath electrode 
was mounted inside a separate box. It was also found necessary, under our working conditions, 
to include the preparation bath, part of the micromanipulator, and cathode-follower, in a large 
metal screening case. 

The bath was moulded from paraffin wax, in a Petri dish, and was provided with tubes by 
which Ringer's fluid could be circulated when necessary. The base of the bath was quite trans- 
lucent and was fitted during the potential measurements with a curved piece of Perspex on which 
the muscle was placed. 

For voltage calibration a standard voltage from a potentiometer arrangement was passed 
through a Muirhead potential divider and applied through the cathode-follower to the terminals of 
the oscilloscope. The voltage was applied to the oscilloscope in the opposite direction to the 
signal, the oscilloscope being used in effect as a null-point detector. 

The base line was set by the Y-shift of the oscilloscope with the cathode-follower output 
terminals short-circuited. The short-circuit was then broken and the base line reset by the 
potentiometer between the cathodes of the cathode-followers. When a signal reached the plates, 
the sweep was returned to the base line by using the voltage calibrator, the voltage required being 
noted. Return to the base line after removal of the micro-electrode from a fibre was examined, and 
if the original position was not attained the measurement was rejected. 


RESULTS 


4 
It was found in preliminary experiments (Conway, 1957a) that when frog 
sartoril were immersed at 0° C during the night in K-free Ringer-Conway 
fluid containing 120 mm-Na, and then re-immersed at room temperature in 
similar fluid containing 10 mm-K and 104 mm-Na, that a considerable secre- 
tion of Na from the muscle had occurred within 2 hr, and the re-immersions 
in the experiments to be described are limited to this period. Over some years 
a large number of experiments of such a kind were carried out, in many of 
which companion muscles from three frogs were used for each experiment. 
A large number of results were also obtained in which the soaked and re- 
immersed muscles were not companions, the companion muscles being reserved 
for the study of the effect of inhibitor action on Na excretion during the second 
immersion; but quite often in such studies and during the same set of experi- 
ments, groups of three muscles were analysed for the increase of Na content 
after the first immersion in K-free fluid, and for present purposes these could 
be grouped with the controls used in the study of inhibitors. 

In the various groups of experiments the Na content of the soaking fluid was 
either 120 or 104 mm-Na, the Na content of the re-immersion fluid being like- 
wise 120 or 104 mm-Na. To avoid unnecessary repetition, the groups with 
120 ma-Na in the soaking fluid and 120 mm in the re-immersion fluid will be 
referred to as ‘120/120’ experiments; and similarly there are ‘120/104’ and 
‘104/104’ experiments. The results of such experiments are summarized in 
Table 2. 

Group A of the 120/120 type in Table 2 summarizes the results for twelve 
experiments. The re-immersion causes, on the average, a small but not 
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significant increase in the Na content, amounting to an average change of 
+5-2+4-6 m-equiv Na/kg. It would take many more such experiments to 
reduce the sampling error very appreciably, but it is considered sufficient for 
present purposes to show that the mean change of Na is in any case small. 


TaBLE 2 
Mean and Mean and 
after Ist after 2nd 
immersion at immersion for 


0° C in K-free 2hratroom Change of Na due 
fluid temperature to 2nd immersion 


Experimental Type of (m-equiv Na/kg) 

group experiment co ~ 

A 120/120§ 57-643°3 62-84 3-2 +5-24+4-6 
(12)* (12) 

B 120/104§ 57-84 1-1 38-7+0-9 —19-141-4 
(55) (55) 

C 120/104 57-243-1 37-1408 20-143-9 
(10) (20) 

D 120/104 58-74 1-5 40-5+0-4 -17-8+1-6 
(51) (265) 

E 120/104 61-44 1-4 34-9+1-0 26-5+ 1-8 
(50) (50) 

F 104/104§ 47-341-6 47-0+1-1 -0-341-8 
(51) (51) 

G 104/104 46-541-2 44-6+ 1-1 -1-941-7 
(38) (51) 

H 104/104 46-44 2-0 46-3+1-9 -0-142-8 
(10) (20) 


* Number of expts. in brackets; § companion muscles. 

Three muscles were used for each analysis and the Na content of the muscles is expressed in 
terms of the muscle weight after the first immersion, so that the data giving changes of Na content 
are independent of changes in weight produced by the second immersion. The mean weight change 
due to the second immersion was a loss of approximately 2-3% with the 120/104 procedure and 
2-8% with the 104/104 procedure. For the groups A, B and F, companion muscles were used for 
the second immersions. In the other groups, the muscles taken for first immersions were from 


frogs of the same batch as those used for the second immersions, the experiments being carried 
out at the same time. 


A very different picture is presented with the next four groups, B, C, D and 
E of the 120/104 type. In the first of these, Group B, 55 sets of companion 
muscles were used. The mean Na value and its s.z. after the first immersion 
was 57-8+1-1, and after the second the mean Na content of the companion 
muscles was 38-7 +0-9 m-equiv/kg. Thus there was an average change of 
— 19-1 + 1-4 m-equiv Na/kg muscle. Owing to the difference in Na content 
between the first and second immersion fluids a passive loss of about 
1 m-equiv Na/kg from the interspaces would be expected. 

Groups C, D and E, of the experimental type 120/104, though not conducted 
with companion muscles for the two immersions, gave similar average results. 
The over-all mean in the 166 120/104 experiments was 59-0+0-7 after the 
first immersion, and in the 390 experiments after the second immersion it was 
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39-4 + 0-3 m-equiv Na/kg, showing an average change of —19-6+0-8, or in 
effect an active Na secretion of 17-6 m-equiv/kg. 

Very different again are the results from the 104/104 type of experiment as 
given in Table 2 for groups F, @ and H. In group F, 51 sets of companion 
muscles were used, the average Na content after the first immersion being 
47-3 + 1-6, and after the second immersion 47-0 + 1-1 m-equiv/kg. Thus there 
was no significant secretion of Na. 

Similar results appeared for the other two groups, @ and H, in which com- 
panion muscles were not used. The over-all mean for the Na content after the 
first immersion was 46-9 + 0-7, and for the 122 experiments after the second 
immersion it was 45-9 + 0-6, showing a mean change of — 1-0 + 0-9 m-equiv Na/ 
kg, which is not significant. 

It is very clear, therefore, that on the average there is no significant net 
secretion of Na in the experiments of type 104/104. The fact that there is a 
considerable net secretion of Na when using the 120/104 procedure (confirming 
Desmedt, 1953), and no significant net secretion when using the 104/104 
procedure, was very unexpected, but the following experiments go a me way 
towards explaining these average results. 


The effect of incorporating 10 mm-K in the soaking fluid as well as in 
the second immersion fluid 

When muscles are soaked during the night at 0° C in a K-free Ringer's 
fluid containing 120 mm-Na (such as fluid B, Table 1), much Na enters. When 
the muscles are then placed in Ringer’s fluid containing 10 mm-K and 
104 mm-Na, there is an excretion of Na, or a certain measure of restoration 
towards the original state occurs. How much restoration, under such condi- 
tions, could one expect? Clearly, an approach to the condition which would 
result if the 10 mm-K were present in the original soaking fluid as well as in the 
re-immersion fluid. 

With this in mind a number of experiments were carried out with the three 
experimental procedures, 120/120, 120/104 and 104/104, these having the same 
meaning as under Table 1, except that the soaking fluid as well as the re- 
immersion fluid now contained 10 mm-K. Table 3 summarizes the results of 
a large number of experiments. It will appear that, for the three procedures 
examined, it is only with the 120/104 procedure with the soaking fluid K-free 
that there can occur a very appreciable average secretion of Na in the second 
immersion. Thus a possible change of —20-0 + 1-0 m-equiv Na/kg could occur, 
and in fact —19-6 + 0-8 m-equiv was found. With the 120/120 procedure (the 
soaking fluid being K-free) a secretion or change of sodium amounting to 
~— 3-6 +3-5 could result in the re-immersion period, and experimentally (with 
12 experiments) a change of +5-2 + 4-6 m-equiv Na/kg was found, which is not 


significant. 
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With the 104/104 procedure in a similar way, a possible change of —7-8 + 1-1 
could happen, and experimentally a change of only — 1-0 + 0-9 was found. Here 


the change or secretion was significantly less than the possible or expected 
value. 


TaBLs 3 
Experimental type 120/120 120/104 104/104 
(m-equiv Na/kg) 
I Na content after the Ist 57-6+43-3* 59-0+0-7 46-94 0-7 
immersion in K-free fluid (12)* (166) (99) 
II Na content after the 2nd 54-0+1-2 39-0+0-8 39-1408 
immersion, 10 mm-K being (24) (24) (16) 
present throughout 
Possible net change of Na —3-6+43-5 ~ 20-0410 -78+1-1 
in the second immersion, 
the first being K-free (I-II) 
IV Actual change found after +5-2446 -19-6+40-8 -10+40-9 
the second immersion, the 
first being K-free 


* Number of expts. in brackets. It may be noted that the Na content of the muscles after the 
first immersion with 10 mm-K was 42-1+0-6 (14 expts.) for the 120/120 and 120/104 procedures, 
and 35-0+0-8 (9 expts.) for the 104/104 procedure, The data of Groups I and IV were taken from 
Table 2 as summarized in the previous section of Results. 


The effect of the level of the Na content of the muscle on the excretion of Na 


The question arises, if the initial Na content after the first immersion in 
K-free Ringer’s fluid were greater than the average, how would this affect the 
secretion; or in other words what is the effect of the Na content of the muscle on 
the Na secretion ? 

Here the possibility of a statistical error previously commented upon arises 
for consideration (Conway, 19574, 6). The essential nature of such an error is 
that where only a moderate degree of correlation exists between the individual 
analyses of pairs of Na-rich muscles, then by selecting a muscle with an 
exceptionally high Na content, the content of the companion muscle will tend 
towards a lesser value, and the difference could simulate an Na secretion. 
It may be also pointed out that as the Na concentration would appear to fall, 
the K concentration would appear to increase. With the type of experiment 
here described, where three grouped muscles were used instead of one, and 
better fluid conditions, the correlation between the Na analyses of the grouped 
muscles and their companions is high (about 0-95) so that such statistical error 
may be considered relatively small. 

Two large sets of experiments were then carried out, 51 of these with the 
104/104 procedure and 55 with the 120/104. Both were conducted with com- 
panion muscles, three frogs being used for each full experiment. The results of 
each experiment showing the change in Na concentration against the muscle 
Na concentration after the first immersion are plotted in Fig. 1. There is a 
considerable difference between the two sets of results, and owing to the 
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scatter of the muscle Na values after the K-free immersions they can be 
compared over a wide range of such concentrations. 
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30 35 40 45 50 55 60 65 70 75 
Sodium in muscle after first immersion (m-equiv/kg) 

Fig. 1. Sodium concentration of sartorii after the first immersion during the night at 0° C, in 
K-free fluid (abscissae) against the change of Na concentration (using companion muscles) 
after the second immersion for 2 hr at room temperature (18° C) and in fluid containing 
10 mm-K_;; three frogs were used for each experiment. x , results with the 120/104 procedure, 
55 expts.; @ results with the 104/104 procedure, 51 expts. (Table 2 for the data—Groups B 
and ¥—gives the mean values.) The lines are regression lines, the equations being given in text. 


With the 104/104 procedure the correlation coefficient between the change of 
Na arising from the second immersion and the Na concentration after the first, 
is —0-18+0-13. Thus the two quantities are practically independent. On the 
other hand, the correlation coefficient for the 120/104 type is —0-70+ 0-07. 
The two regression equations from which the lines in Fig. 1 are drawn are as 
follows (the muscle Na concentration after the first immersion being the 
independent variable): | 

For the 104/104 type of experiment, 


Change of Na (m-equiv/kg) = —0-10[Nal],, +4:8. (1) 
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For the 120/104 type, 
Change of Na (m-equiv/kg) = —0-59 [Nal],, + 15-6, (2) 


where [Na],, represents the Na content of the control muscle (m-equiv/kg). 
Thus, at a muscle Na level of 60 m-equiv/kg, around which there are many 
observations in both series, the change with the 104/104 procedure is 
— 1-2 m-equiv Na/kg, but with the 120/104 series it is — 19-8 m-equiv Na/kg, 
or a secretion of approximately 17-8 m-equiv/kg. 

Apart from the results with companion muscles, a large number of data had 
been assembled throughout the investigation with the 120/104 procedure, of 
the kind described in Table 2. These are plotted in Fig. 2, in a similar way to 
Fig. 1. 

The range of muscle Na in these 320 experiments is much wider than in 
Fig. 1, the general linear relation between the secretion of Na and the muscle 
Na content being immediately evident. The correlation coefficient is 
— 0-82 + 0-02 and the regression equation is: 

Change of Na (m-equiv/kg) = —0-87 [Na],, +33-0. (3) 
The average Na changes at [Na],, levels of 50, 60 and 70 m-equiv/kg are 
—10-5, —19-2 and —27-9 m-equiv/kg, which may be compared with those 
obtained when using paired muscles, — 13-9, —19-8 and — 25-7 m-equiv/kg. 

The great difference in secretion rates of sodium with the 120/104 procedures, 
which is not accounted for by difference in muscle sodium levels after the first 
immersion, is also illustrated in Table 4. The region of overlap for the two sets 
of observations in Fig. 1, with respect to the muscle sodium levels, is taken and 
the mean values presented. The overlap extends from 45-0 m-equiv Na/kg (the 
lowest level for the 120/104 results) to 65-5 m-equiv Na/kg (the highest level for 
the 104/104 results), The averages over this range for the muscle sodium and 
the Na secretion are given in the table, at a mean muscle sodium value of 
55-5 m-equiv/kg. The secretions calculated from the regression equations (given 
under Table 4) for the four groups are also shown in the table. The results show 
at a glance the extraordinary difference resulting from the presence of 
120 mm-Na rather than 104 mm-Na in the soaking fluid. 

It may be pointed out here that the average concentration of the muscles 
after the first immersions was in each group approximately the same, namely 
55-5 m-equiv Na/kg, and the re-immersions were made in fluid of exactly the 
same composition; but whereas there was no significant secretion of sodium 
from the muscles soaked in the 104 mm-Na solution, there was a high level of 
secretion from those soaked in the 120 mm-Na fluid. Such results show how 


far we are from any intimate understanding of the conditions determining 
marked activity of the sodium pump. 


ill 
> 
2 
‘ 


SECRETION OF SODIUM BY FROG MUSCLE 61 


T 


3 
T 


b 


Sodium change on second immersion (m-equiv/kg) 
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Sodium in muscle after first immersion (m-equiv/kg) 


Fig. 2. As in Fig. 1, but companion muscles were not used in determining the sodium concentra- 
tions after the first and second immersions; the 120/104 procedure only was followed, with 
three muscles for each analysis; total of 320 experiments. 


The effect of inhibitors on the secretion of Na 


From the foregoing it is evident that it would be pointless to investigate the 
effect of inhibitors on the net secretion of Na from muscles when the 104/104 
procedure is used, because there is then no significant net secretion. The 
120/120 procedure also would appear from our twelve experiments to be like- 
Wise unsatisfactory. With the 120/104 type of experiment there is a definite 
and relatively large secretion of Na, which can be readily used to examine 
inhibitor effects, and these, provided a sufficiently large number of experiments 
is used, can be unequivocally determined. The procedure used is described 
under Methods. The results of large numbers of experiments are summarized 
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in Table 5, and the frequency distributions of the inhibitor effects are shown 
in Figs. 3 and 4. 

Cyanide and anoxia. The effect of these two is the same on the average, 
within the sampling error. The inhibition of the Na secretion produced by the 
cyanide amounted to 9-7 + 1-0 m-equiv Na/kg, and for anoxia 9-5 + 1-5 m-equiv 
Na/kg. Throughout the inhibitor experiments summarized in Table 4 the 


TABLE 4 
of 
m Na Average Average 
after Ist muscle sodium 
Group immersion No. of Na secreted 
no. Procedure (m-equiv/kg) expts. (m-equiv/kg) (m-equiv/kg) 
I 104/104§ 45-0-65-5 27 0-8+1-0 
i 104/104 45-0-65-5 22 54-44 1-2 2-2+1-8 
la 104/104§ 30-5-65-5 51 55-5 0-75 
(total range) (using regression 
equation) 
Ila 104/104 31-2 — 70-8 51 55-5 2-5 
(total range) (using reg 
equation) 
Ill 120/104§ 45-0-65-5 47 55-6 15-6+0°8 
IV 120/104 45-0-65-5 218 57-4403 14-9+40-4 
Illa 120/104§ 45-0-77-5 55 55-5 15-1 
(total range) ( 
equation) 
IVa 120/104 45-0-88-8 320 55-5 13-1 
(total range) (using r 
equation) 


§ Companion muscles. Groups I and Ia correspond to Group F in Table 2; Groups II and Ila to 
Group @; Groups III and IIIa to Group B; and Groups IV and [Va Groups C, D and £. The 
range 45-0-65-5 in Groups I, II, III and IV above corresponds to the region of overlap for the 
companion muscles of Groups I and III. In calculating the secretion with the 120/104 procedure, 
an allowance of 2-0 m-equiv Na/kg was made for passive diffusion from the interspaces. The four 
regression equations used above are: 


la X = -0-10Y + 4-8 (companion muscles for lst and 2nd immersions) 
Ila X = -041Y +20-3 


Illa X = -0-59¥Y +165-6 (companion muscles for Ist and 2nd immersions) 
IVa X = -0-87Y +33-2 


X in these equations signifies the change of muscle sodium (m-equiv/kg) due to the second 
immersion; Y represents the muscle sodium (m-equiv/kg) after the first immersion. 


average change in the Na content produced by the second immersion without 
inhibitor was — 17-8 + 1-6 (Table 2, Group D) or, allowing for a passive loss of 
2 m-equiv/kg from the interspaces, an average secretion of approximately 
16 m-equiv Na/kg. Thus the degree of inhibition produced by both cyanide and 
anoxia was roughly 60%. The use of 5 mm-cyanide did not increase the degree 
of inhibition over that obtained with 2 mm, so that the average of 60% appears 
to be the limit of the cyanide effect. The cyanide and anoxia distributions are 
shown in Fig. 3. It will be seen that the distributions are similar, and there is 
little difference between the results for winter and summer frogs. From 
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thirteen initial cyanide experiments carried out in winter and reported else- 
where (Conway, 19575) the average inhibitory effect of cyanide on the Na 
secretion was obtained as 18-8+3-5 m-equiv Na/kg (this figure being the 
average of the differences between the muscles after the second immersions in 
fluid with and without inhibitor). The effect was then considered to be maximal, 
and it was assumed that there was no net secretion of sodium from the-cyanide- 
treated muscles, within the sampling error. The error in this assumption, 
however, was considerable, as will appear from the above figure, and the 
results from 74 experiments as summarized in Table 5 now show that the true 
average inhibition by cyanide is about 60%. 


a 


TABLE 5 
Average Average Na Average 
Na content content after difference 
Consen- after 2nd 2nd immersion due to 
tration immersion with inhibitor inhibitor 
used No. of (m-equiv/kg) 
Inhibitor (mM) expts. — ——, 
ide 2 74 40-8 +0-9 50-5+1-0 -97 +10 
In winter 2 49 41-8+1-0 52-141-3 -103 +13 
In summer 2 25 38-94 0-9 47-241-5 -83 +13 
Anoxia 30 38-7+0°9 48-2+ 1-2 -95 +1°5 
Azide 2 30 39-8+1-1 39-9 + 1-2 -01541-5 
Mono-iodoacetate 30 4l-l+1-1 59-9 + 1-4 -18-8 41-5 
Low temperature (0° C) 32 41-9+1-1 58-141-3 - 16-2 +1-1 
Ouabain > 39-6+0-9 55-24 1-2 -15-6 +13 
2-4 dinitrophenol 2-7x10-* 43 41-240-8 39-6 + 0-7 1-6 +0-5 


All the above inhibitor experiments were carried out with companion muscles, as described 
under Methods, the 120/104 procedure being used. 

No effect is produced by azide on the secretion of Na under our conditions. 
From 30 experiments the average after the second immersion without 
inhibitor was 39-8 + 1-1 m-equiv/kg and with azide it was 39-9 + 1-2; the mean 
difference for the 30 experiments was 0-1 + 0-5. The results are inf accordance 
with the observations of Stannard (1939) that azide has no effect on the 
resting metabolism of frog skeletal muscle even when used in concentrations 
far in excess of 2 mm. The distribution of the azide results is given in Fig. 3. 

Todoacetate, low temperature (0° C) and ouabain. These are grouped together, 
since their inhibiting effect on the Na secretion is maximal, or near maximal, 
within the sampling error. The mean inhibiting effects on the Na secretion of 
mono-iodoacetate, of cooling to 0° C and of ouabain, are 18-8 + 1-5, 16-24 1-1, 
and 15-6 + 1-3 m-equiv Na/kg respectively (see Table 5). The distribution for 
the three inhibiting effects is shown in Fig. 4 and is similar in kind. The 
effect of ouabain confirms the finding of Johnson (1956), who also found 
maximal inhibition using 10-$ mm ouabain under conditions similar to those 
described here. | 

Dinitrophenol. The action of this inhibitor is, in the present context, of 
special interest. After the work of Loomis & Lipmann (1948) it has been 
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Fig. 3. Frequency distributions of subtractions of the Na content after the second immersion, 
without the inhibitor, from similar values in the presence of the inhibitor, companion muscles 
being used. Such subtractions are presented as inhibitions (m-equiv Na/kg; abscissae). The 
120/104 procedure was used throughout with three frogs for each experiment; the class 
interval chosen was 3 m-equiv Na/kg; nos. of experiments are given in Table 5. 


Fig. 4. As Fig. 3. The numbers of the experiments are given in Table 5. 
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generally accepted that its characteristic action is the inhibition of oxidative 
phosphorylation. But beyond a certain small concentration it has other 
effects, leading finally to a considerable inhibition of metabolism. A review is 
given by Simon (1953), and reference may also be made to an article by 
Kaplan (1951). The concentration at which it is used is therefore important, 
and with regard to its action on frog skeletal muscle Ronzoni & Ehrenfest 
(1936) found that as low a concentration as 2-7 x 10-2 mm outside excised 
muscles caused a maximum increase in the consumption of oxygen. The 
increase was considerable, being upwards of ten times. It would also appear 
to be generally agreed that such increases of oxygen uptake with intact cells is 
linked with the inhibition of oxidative phosphorylation. It may be noted too 
that the concentration of dinitrophenol which causes maximal increase of 
oxygen consumption is at or near that producing maximal inhibition of 
oxidative phosphorylation in isolated mitochondria. 


TaBLe 6. Experiments with dinitrophenol 2-7 x 10-* mm, varying the duration of the 
2nd immersion 


Time of Average Na Average Percentage 
action of Average Na content after difference increase of 
the dinitro- content after 2nd immersion due to Na change 
phenol No.of 2ndimmersion with inhibitor inhibitor due to the 
(min)  expts. (m-equiv/kg) (m-equiv/kg) (m-equiv/kg) dinitrophenol 
30 ll 52-2+0-9 47-0+1-1 §-241-2 77 
(P = 0-000014) 
60 11 42-841-5 40-2+ 1-4 2-6+0-9 
P = 0-004) 
120 43 41-2408 39-6 +0-7 1-6+40-5 
(P = 0-001) 


At an early stage in the investigation we used as much as 2 mM of DNP, this 
corresponding to the strength of the other inhibitors used. In the present work 
we confined our observations to the level of 2-7 x 10-? mm commented upon 
above. The result of 43 experiments conducted similarly to the other inhibitor 
experiments is given in Table 5, where it appears that the effect of the dinitro- 
phenol is to cause an increased output of Na from the muscles, amounting to 
1-6+0-5 m-equiv Na/kg. This can be regarded as a significant stimulation of 
the sodium secretion (P = 0-0014). The frequency distribution of the 43 
inhibitor results is shown in Fig. 4. 

A further series of experiments was carried out where the inhibitor was 
allowed to act for 30 min (11 expts.) and 60 min (11 expts.). The results are 
shown in Table 6. It will be seen that after 30 min the stimulating effect of the 
dinitrophenol is relatively considerable, the average difference from the control 
value being 5-2 + 1-2 m-equiv Na/kg. To calculate the percentage increase of 
the sodium change caused by the dinitrophenol, the mean secretion without 
the inhibitor amounts to 59-0+0-7 minus 52-2+0-9, or to 6-8+1-1 (the first 


figure here being the total average of 166 experiments from Table 2, groups B, 
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C, D and E, and giving the muscle Na content after the first immersion). 
Similarly, it may be calculated that with the inhibitor the change amounted 
to 12-0 + 1-1, showing a mean increase of 77° due to the dinitrophenol. In the 
same way it could be reckoned that after 60 min the increase was 17%, and 
after 120 min it was 9%. The fall with time is, of course, to be expected, 
as the rate of secretion will relate to the muscle Na content above a certain 
level. 

A somewhat more accurate calculation of the relative increase in Na 
secretion may be carried out by allowing for the loss of 2-0 m-equiv Na/kg 
from the interspaces on changing from an outside Na concentration of 
120 mm to one of 104mm, and such loss may be assumed complete after 
30 min. If we make such allowance the relative increases of the secretion 
arising from the dinitrophenol may be calculated as 109, 18 and 10% — 30, 
60 and 120 min, respectively. 


Changes of ATP concentration produced by the dinitrophenol 
After 24 hr immersion at 0° C in K-free fluid (fluid B, Table 1) and pro- 
ceeding according to Methods, the mean ATP content in the sartorii (24 expts.) 
was 1-71 +0-3 m-mole/kg. This represents a somewhat lower ATP content than 
Fenn’s (1936) figure of approximately 3-2 m-mole/kg. The variability was 
found to be rather considerable from one group of frogs to another. A series 
of 24 experiments was carried out in which the ATP content after the first 
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Fig. 5. Distribution of ATP values for muscles under 120/104 conditions (see Table 2). A, ratios 
of ATP content of muscles after the second immersion to ATP content of muscles after the 
first immersion; B, similar to A, with the second immersion fluid containing 0-027 m™ 
dinitrophenol. Companion muscles were used; the class interval used is 0-2, and each 
experimental result is represented as a dot in the centre of the class interval. 
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immersion. could be compared with the ATP content after the second immer- 
sion at room temperature (fluid D, Table 1). The mean difference between the 
experimental groups was + 0-26 + 0-09. Thus the ATP content was significantly 
increased. 

In a series of 19 experiments the ATP content of muscles was determined 
after the second immersion in fluid D, and in fluid D with dinitrophenol 
(2-7 x 10-* mm). In the presence of the inhibitor for 2 hr the muscles showed in 
general a marked reduction of ATP, the mean difference for the 19 experiments — 
being —0-46 + 0-19 m-mole/kg. Figure 5A gives the distribution of the ratios 
of ATP after the second immersion to those after the first, showing a slight 
trend towards recovery of ATP content of the musclé. Figure 5B shows the 
distribution of the ratio of the ATP content after the second immersion with 
inhibitor, to the ATP content without inhibitor. The general effect of a 
reduction of the ATP content due to the dinitrophenol is obvious. . 


Effect of temperature reduction on Na efflux from normal 
fresh muscle and Na-rich muscle 


The influence of temperature on the Na exchange with external Na in freshly 
excised muscle and Na-rich muscle (after. preliminary soaking) is of much 
interest because of the conclusions that can be drawn therefrom. A preliminary 
account (Conway, 1957a) gave the means of five sets of experiments, carried 
out at 0° C and at room temperature (18° C), in accordance with the procedure 
described in Methods. In 1958 a new series was investigated by the same 
procedure. The results were very similar to the previous ones. The mean 
values of nine experiments with injected frogs, and nine experiments with 
muscles soaked during the night at 0° C in K-free fluid, are shown in Figs. 6 
and 7. 

Temperature effect on Na efflux when using frogs injected with labelled Na. For 
frogs whose muscle Na was labelled in vivo by injections the previous day, the 
relation of log,, C to time is not linear over the period of time examined, 
either at 0° C or at room temperature; here C is the percentage of the initial 
counting rate at zero time. In determining the Q,, figures the following may 
be noted. At any instant one may write 


d (logy?) _ 4 
(4) 


where k, is the rate constant at that instant. If, over a relatively long period, 

there is a linear relation between log C and t, then k, is at once obtainable from 

the slope of the line. If there is not a linear relation except over short periods 

of time, then with the general conditions maintained constant it may be 

assumed that the exit of Na is occurring from different regions. a 
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To obtain mean k, values over a short period, we may use the relation 


2-3A(log,, C) 
= k,. (5) 


Using this relationship, one could take either fixed values of A(log C) and 
corresponding At values, or fixed At intervals with corresponding A(log C) 
figures. From the k, values obtained at the two temperature levels, the ratios, 
written Q:r,_ 7, are obtained, and Q,, is then determined by the equation 


T,-T 
log Qr,-7,) log Qio- (6) 
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Fig. 6. Effect of temperature on the loss of “Na, from sartorii of frogs labelled in vivo by injecting 
**Na the previous day. The logarithm of the count under the conditions described in text is 
plotted against time (min); at zero time the count is taken as 100. Companion muscles were 
used for the observations at 0° C (@) and 18° C ( x) and each dot and cross represents the 
mean obtained in 9 experiments. 


The two ways of determining Q,, values, by taking fixed A(log C) values or 
fixed At intervals, give somewhat different Q,, figures. This will appear from 
Table 7. The difference arises from the fact that on taking the same intervals of 
time for the two curves in Fig. 7 there are different *Na concentrations in the 
muscle at the two temperatures and the rate of change of k, relates to these 
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values. It would seem more correct to compare the rate constants at the same 
“Na concentrations and to take equal A(log C) values from the outset. 

As is shown in Table 7, the Q,, values change inappreciably up to 90 min on 
the one hand or down to a level of log C of 1-0 (one-tenth of the original Na 
being then present) on the other. The mean Q,, using fixed At intervals is 1-16 
and the mean Q,, using fixed A(log C’) values down to a log C of 1-0 (or one 
tenth) is 1-39. 


Taste 7. Qj, values for the “Na efflux from frogs’ sartorii labelled by injection in vivo the 


previous day 
Using fixed At intervals Percentage 
log C “Na exchanged 
(min) 18° C 0° C 18° C o° Cc Qro 
0-15 - 0-70 — 0-53 80 71 1-32 1-17 
15-30 0-25 -—0-19 89 81 1-31 1-16 
30-45 ~ 0-20 -0-15 93 87 1-33 1-18 
45-60 -0-14 ~O11 95 90 1-21 I-11 
60-90 -~0-21 0-16 97 93 1-34 1-18 
Using fixed A log C intervals 
At (min) Percen 
*Na 
aI A log C 18° C 0° Cc exchanged Qis Qre 
2-0-1-5 14 24 68 1-72 1-35 
1-5-1-3 29-5 16 80 1-84 1-40 
1-3-1-2 18 10 84 1-80 1-39 
1-2-1-1 21-5 12 87 1-79 1-38 
1-1-1-0 14 90 1-93 1-44 
1-0-0-9 34 15-5 92 2-19 1-55 
0-9-0-8 64 16-5 94 3-88 2-12 


(The value at 0° C for log C = 0-8 was obtained by some extrapolation.) 


Qi) values for the Na efflux from sartorii isolated and labelled by soaking during the night in 
K-free Ringer’s fluid. 


A log C 
At 
(min) 18° C Qis Qio 
30-90 — 0-55 ~0-12 4-58 2-33 


(From 30 to 90 min the relation between log C and ¢ was linear.) 


The mean value of Q,, for the diffusion coefficients of a number of inorganic 
electrolytes as calculated from Ohlm’s values (1905) is 1-24 (range 1-19-1-27). 
The Qj, values found for the labelled muscles in vivo as discussed above are 
sufficiently near this figure to conclude that one is dealing with the effect of 
temperature on a physical diffusion without any pronounced membrane barrier 
over the range indicated, or down to a loss of 90% of the “Na, particularly as 
there is no significant Q,, alteration over the range. 


The temperature effect on Na efflux from Na-rich muscles 


The sarotorii here were soaked during the night at 0° C in the K-free fluid 
containing 104 ma-Na (fluid C, Table 1). After this they were treated as in 
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the previous group using injected frogs. Figure 7 summarizes the results from 
nine series of experiments for room temperature (18° C) and at 0° C. 

The temperature effect here, after the first 30 min, is much greater than in 
the previous series, and log C declines in a nearly linear fashion from 30 to 
90 min. At 18° C the mean rate constant from 30 to 90 min is 1-24 hr and 
at 0° C it is 0-32 hr. Thus the Q,, value over the period is 2-33, as is given in 
Table 7. This Q,, value is about 1-7 times that obtained with injected frogs, 


o°c 
18°C 
02-- 
l L | 1 | | 
10 20 30 4 50 60 70 8 W 
Minutes 
Fig. 7. Similar to Fig. 6, using sartorii made sodium-rich by soaking during the night in K-free 
Ringer’s fluid labelled with “Na. 


when the muscle Na was labelled in vivo and Q,, was estimated down to a 
point when 90% of the Na had exchanged with the external sodium. This 
result is attributable to the fact that, with the excised muscles labelled by 
soaking, relatively more of the muscle Na is inside the fibres, and after 30 min 
much the greater fraction of the counts is coming from intrafibre “Na. Such 
a 1» value of 2-3 does not necessarily imply a chemical process but could be 
produced in part at least by a membrane barrier to diffusion, in this case 
exchange diffusion. Also, the true intrafibre Q,, value over the range 0-18° C 
for Na-loaded muscle is undoubtedly somewhat higher than the figure of 2-3 
so obtained, down to a period when 90% of the *Na has disappeared from the 
muscle labelled in vivo. 
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A more precise estimate of such counts arising from intrafibre Na could be 
made by subtracting the counts arising from muscle Na external to, or not 
definitely inside, the fibres. For this purpose there could be used the results, 
treated in a proportionate way, of the muscles labelled iin vivo down to the 
disappearance of 90% of the “Na. In this way the Q,, for the intrafibre 
efflux would reach about 3-8. This procedure is open to some criticism with 
respect to the exact amount of Na that is really inside the fibres in vivo, 
and the proportion of the counts it might contribute under our conditions, 
though this can only be very slight at 0°C. It serves in any case to show 
that the true Q,, for the intrafibre efflux is higher than 2-3; and since, at 
a temperature at or near 0° C, such criticism is less significant owing to the 
great slowness of the intrafibre efflux, it indicates that this then approaches 
nearly to zero. 


Further evidence with respect to the intrafibre Na content in vivo 


The temperature results for the muscles labelled in vivo and for those after 
soaking during the night in K-free fluid (using the 104/104 procedure) are 
plotted in Fig. 8 in a way different from Figs, 6 and 7. The counts are converted 
to mean Na concentrations (m-equiv/kg) exchanged, and plotted against time. 
The average labelled Na content after the labelling in vivo is taken as 
21-5 m-equiv/kg (regarding 2-4 m-equiv embedded in connective tissue as the 
Na content which did not mix with the “Na, as treated in the Discussion, 
p. 79) and 45 m-equiv Na/kg is taken for the muscles isolated and loaded 
during the night with labelled Na. 

It will be seen that after 90 min exchanging at 0° C, about 1-5 m-equiv/kg of 
labelled sodium remains, whereas approximately 12-13 m-equiv labelled Na 
remains in the muscles loaded with Na. As, by extrapolating back the upper 
line (for 0° C) in Fig. 7, a value of approximately 18 m-equiv Na/kg is obtained 
at zero time for the intrafibre Na of the loaded muscles, it may be deduced that 
for the muscles labelled in vivo approximately 2-0 m-equiv Na/kg was originally 
present inside the fibres. 


Membrane potentials 


Frequency distributions of potentials for various conditions are shown in 
Fig. 9. In the first two histograms (groups of 30 observations) the external 
fluid contained 104 mm-Na and 10 mm-K (fluid D, Table 1). In group B 
of Fig. 9 the muscles were immersed during the night at 2-3° C, then 
brought to room temperature for half an hour and the potentials of various 
fibres determined. In the group A the potentials were determined in similar 
fluid after half an hour at room temperature without previous immersion 
during the night. 

It will be seen that there is little or no difference between the results 
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from the two groups, so that immersion during the night under these 
conditions has had very little effect on the membrane potentials. 

In Fig. 9C the histogram shows the distribution of potentials (50 observa- 
tions) after immersion during the night in K-free Ringer-Conway fluid con- 
taining 104 mm-Na (fluid C, Table 1) and re-immersion for 30 min in fluid D. 
It will be seen that there is a relatively wide scatter and general fall in the 
membrane potential. 


Labelled Na exchanged (m-equiv/kg) 


i 1 l 


i L 
0 10 20 30 4 50 60 70 8 9% 
Time (min) 

Fig. 8. The data of Figs. 6 and 7 are used, the counts being transposed into Na losses (m-equiv/kg) 
from the sartorii. At zero time the mean value of the labelled muscle Na in fresh sartorii 
labelled in vivo is taken as 21-5 m-equiv Na/kg and that of the muscles soaked during the 
night in K-free Ringer’s fluid containing 104 mm-Na is taken as 45-0 m-equiv Na/kg. 
@, Muscles at 18° C previously labelled by soaking; x , muscles at 0° C previously labelled by 
soaking; ©, muscles at 18° C previously labelled in vivo; +, muscles at 0° C previously 
labelled in vivo. 


Finally, Fig. 9D shows the distribution of potentials (30 observations) after 
immersion during the night in K-free Ringer-Conway fluid containing 120 mm- 
Na, and re-immersion for half an hour at room temperature in similar fluid 
containing 104 mm-Na and 10 mm-K (fluid D, Table 1). The difference between 
the distribution in Figs. 9C and 9 D is very striking, and is in accord with the 
analytical facts of the large Na excretion, which occurs only under the condi- 
tions of Fig. 9D. 
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Fig. 9. Membrane potentials (abscissae) measured at room temperature under the following 
conditions; A, muscles left for 30 min in fluid D (Table 1); B, muscles left during the night at 
2-3° C in fluid D (Table 1); C, muscles left during the night at 2-3° C in fluid C (Table 1) and 
re-immersed for 30 min in fluid D at toom temperature; D, muscles immersed during the 
night at 2-3°C in fluid B (Table 1) and re-immersed for 30 min at room temperature in 
fluid D. 


DISCUSSION 
It may be assumed that the level of possible net secretion of Na from sartorii 
due to the inclusion of 10 mm-K in the second immersion fluid (after previous 
soaking in K-free fluid) is set by the Na concentration which results when 
10 mm-K is present throughout. When the sartorii are immersed during the 
night at 0° C in fluid containing 120 mm-Na and 10 mm-K and then trans- 
ferred for 2hr at room temperature to fluid containing 104 mm-Na and 
10 mm-K, the mean Na concentration after the first immersion is 42-1 +. 
0-6 m-equiv/kg and after the second period it is 39-0 + 0-8 m-equiv/kg. This 
shows a net change of —3-1+1-0 or a secretion of 1-1+1-0, which is not 
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significant, when allowance is made for passive diffusion of 2 m-equiv/kg from 
the interspaces because of the lowered Na content of the external fluid. If the 
10 ma-K is omitted from the first immersion fluid the mean Na is found to be 
59-0+0-7 m-equiv/kg. The possible mean net change resulting from the 
second immersion is thus 39-0 + 0-8 minus 59-0 + 0-7 or — 20-0 + 1-0 m-equiv/kg, 
which is equivalent to a net secretion of 18-0 + 1-0. This corresponds with the 
actual amount found. 

It may be pointed out that throughout the second immersion in both types 
of experiment Na may be expected to enter at about the same rate, since the 
second immersion fluid has the same composition. But whereas, after allowing 
for diffusion of 2 m-equiv Na/kg from the interspaces, only a net secretion of 
1-1 m-equiv Na/kg was found with 10 mm-K present in the soaking fluid, 
17-6 + 0-8 was found in the second type of experiment. The obvious explanation 
here is that the Na was secreted in proportion to the Na present within the 
fibres, a conclusion amply borne out by the experiments described in the text 
(Figs. 1 and 2). 

Consider now the changes occurring when 104 mm is used in the soaking 
fluid instead of 120 mm-Na, and with 10 mmu-K also present. The Na content 
of the muscle after the first immersion at 0° C has a mean value of 35-0 + 
0-8 m-equiv/kg. This means an increase of 11 m-equiv/kg over the normal 
value, which may be compared with the increase of 19 m-equiv/kg when 
120 mm-Na is present. Thus an increase of 15° in the external Na concentra- 
tion causes an increase of 73°% in the Na entrance. After the second immersion 
at room temperature in the same fluid, the muscle Na changes from 35-0 + 0-8 
to 39-1+0-8 m-equiv/kg. Here the secretion of Na, if it occurs, is somewhat 
overblanced by the entrance of Na. If the first immersion fluid contains no 
K, Na enters to a mean level of 46-9+0-7 m-equiv/kg, or an increase of 
23 m-equiv/kg over the normal value: an increase of 48°% with the external 
Na increasing 

The possible net secretion after the second immersion is therefore 46-9 + 0-7 
minus 39-1 + 0-8 or 7-°8+1-1. This is very much less than when 120 mm-Na is 
used in the soaking fluid; but even this relatively small possible secretion does 
not in fact occur, for the mean value after the 2 hr at room temperature is 
found to be 45-9+0-6 showing a secretion of only 1-0+0-9, which is not 
significant. Further, if the secretion be plotted against the muscle Na values 
after the first immersion, there is very little or no increase with muscle Na, 
which is in complete contrast with what happens in the 120/104 procedure 
(Fig. 1). 

The question becomes pertinent then, is there any real outward secretion of 
Na occurring in the 104/104 experiments? This is particularly important wit! 
respect to the interpretation of Na effluxes as examined by means of isotopes. 
To this it may be answered that there is probably some small amount, since 
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otherwise the Na concentration of the muscle after the second immersion with 
10 mu-K present might be expected to be a little higher, owing to Na entrance 
during the period. 

In this context something remains to be said concerning the 120/120 pro- 
cedure. When 10 mm-K is present throughout, the level of Na after the second 
immersion is 54-0 + 1-2; and, as already noted, it is 57-6+3-3 after the first 
immersion with K absent from the fluid. There is thus a possibility of an 
average net secretion of 3-6 + 3-5. The average result found in 12 experiments 
was a further gain of Na amounting to +5-2 + 4-6, but the variability here is 
such that the result is compatible with a slight loss. In such experiments there 
may be a marked secretion of Na occurring but also a considerable entrance 
rate, for as has already been shown, at 2° C there is a far higher rate of Na 
entrance with 120 mm-Na than could be expected on a proportional basis, 
compared with that using 140 mm-Na. 

From all this it appears that to obtain a marked average net secretion of Na 
from muscle the successful procedure consists in soaking the muscle during the 


night in the cold in K-free fluid containing a high sodium content, here 


120 mM, and then re-immersing in fluid containing 104 mm-Na and 10 mm-K. 
It may be noted that 104 mm-Na is the normal plasma value. Some further 
gains in the average net secretion of Na could probably be obtained by 
increasing the Na content of the soaking fluid beyond 120 mm and decreasing 
that of the re-immersion fluid below 104 mm, making due allowance for simple 
Na diffusion from the interspaces resulting from the lowered external Na 
concentration. 

There now arises for consideration the nature of the striking difference 
between secretion of Na in the 120/104 and the 104/104 procedures as shown by 
plotting changes of Na content against the muscle Na after the first K-free 
immersion. In Fig. 1 are plotted the results of 55 experiments with the 120/104 
procedure and of 51 experiments with the 104/104 procedure. In both sets 
companion muscles were used, and for each experiment three frogs. The result 
is not merely that the average secretion in the one type is far higher than in the 
other (in which no average net secretion appears) but that over the same range 
of muscle Na, for example from 45 to 65 m-equiv Na/kg, there is no, or very 
little, increase in net secretion when the first immersion fluid contains 
104 ma-Na, and a high and, on the average, linear secretion when the first 
soaking fluid contains 120 mm-Na. It is to be remembered that in both types 
of experiment the re-immersion fluid has the same composition. 

The first. conclusion to be drawn here is that 120 mm-Na in the soaking 
fluid has markedly stimulated the effective activity of the Na pump, an effect 
remaining over the 2 hr period of the second immersion. Presumably the 
effect is primarily in the membrane, and as has been shown above the per- 
meability to Na is greatly increased, far beyond what mere proportio nality 
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would indicate. In other words, the high Na has in some way altered the 
permeability. If such alteration of permeability also facilitated the outward 
passage of the secreted Na, it could form a basis of interpretation; but the 
possibility must also be entertained that the stimulation might occur through 
the release in or from the membrane of a substance stimulating the Na pump. 
An effect of change of volume of muscle due to changes in the molar concentra- 
tion of the external fluid appears ruled out by Desmedt’s use of the same 
effective osmolarity in the soaking and re-immersion fluids. In whatever way 
the stimulation occurs, however, it might well be a normal physiological 
mechanism operating with raised plasma Na values. 

Here one may consider why Desmedt chose the 120/104 procedure, which 
provides always a definite net secretion of Na. It will in any case be noticed 
that the osmolar value of the soaking and re-immersion fluids is in both cases 
the same as that of the plasma, when allowance is made for the extra KCl in 
the second fluid, which from the experiments of Boyle & Conway (1941) would 
enter the muscle freely. 

The success of his experiments in demonstrating readily the net secretion of 
Na was not due to his using the special Ringer’s fluid described (Boyle & Con- 
way, 1941), which closely imitated the average inorganic composition of the 
frog plasma. While this no doubt assists in the maintenance of more normal 
conditions, the chief effect is the stimulation of the Na pump by the high 
sodium content of the immersion fluid. Here a tribute may be paid to Stein- 
bach (1952) as being the first to envisage the possibility of some reversal of the 
Na which entered during a period of soaking in K-free fluid, by incorporating 
10 m-K in a second immersion fluid at room temperature. He did not arrive, 
however, at a recognition of the conditions in which this would be demonstrated 
with certainty for isolated frog muscle. The first real demonstration of the 
secretion of Na from skeletal muscle in this way appears to be in experiments 
on rat muscle im vivo (Conway & Hingerty, 1948). 


The action of inhibitors on the net secretion of sodium 

With a definite procedure for demonstrating a large average secretion of Na, 
the demonstration of the action of various inhibitors becomes an easy matter, 
provided a sufficiency of experiments is carried out. We aimed at having at 
least 30 experiments for each inhibitor, and in each experiment three frogs 
were used. The effects have been described in the Results section (p. 61) and 
only some further points arise here for discussion. 

It was shown that, on the average, both cyanide and anoxia inhibit the 
secretion by about 60%. This implies that on the average also there could be 
an anaerobic secretion of Na about 40%, of the possible total. On the other 
hand, 2 mm of iodoacetate appears to inhibit entirely the net secretion of Na, 
so that metabolism providing a supply of energy is essential, and this is 
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supported by the practically complete inhibition of the net secretion of Na at 
a temperature of 0° C. 

Such experiments may be considered in conjunction with the 2-4-dinitro- 
phenol effect. Ronzoni & Ehrenfest (1936) found that a concentration as low 
as 2-7 x 10-* mm caused maximal increase of oxygen consumption with frog 
muscle. Using this concentration, we found not an inhibition but a significant 
stimulation of the net Na secretion. Such stimulation appeared much more 
pronounced when the second immersion was limited to 30 min. The reason for 
this may be indicated in a quantitative form as follows. If the sodium for net 
secretion at any time ¢ be written C, (as m-moles Na/kg) then one may write 


—dC,/dt = kxt, 


from which it may be deduced that after time ¢ the amount secreted is 
C,(1—exp (—4)) and similarly with dinitrophenol it is C,(1—(exp —k’t)). 
Even if k’ were two to three times as great as k, provided the time of the 
second immersion is sufficiently long no appreciable difference in the amount 
secreted will appear. Such difference increases absolutely and relatively as ¢ 
is decreased, and it has been found about three times as great after 30 min as 
after 120 min, and after 30 min the amount secreted using dinitrophenol is 
about twice that of the control. At the same time the inhibition of oxidative 
phosphorylation was shown by the generally marked relative fall in the con- 
centration of the muscle ATP. This fall refers to the ratio of the ATP content 
in the second immersion fluid containing the inhibitor to that without the 
inhibitor. Without the inhibitor the ATP increases somewhat as the result of 
restoration to room temperature with inclusion of 10 mm-K after the im- 
mersion during the night in the cold in K-free fluid. 

After 30 min the effect of the dinitrophenol amounted to 5 m-equiv Na/kg 
increased excretion. The actual fall of ATP over that period would be relatively 
slight and less than about 0-1 m-mole ATP/kg. These findings would be 
difficult to reconcile with any view which would assume oxidative phosphoryla- 
tion as the chief or central mechanism, and they are very well interpreted by 
the redox pump theory (Conway, 1951, 1953, 1955) and its action with respect 
to the net extrusion of sodium. If one were to consider active transport in 
general, the redox pump may well be assisted in certain activities by oxidative 
phosphorylation, and this is discussed at some length in » recent communica- 
tion (Conway, 1958). In this way a unitary theory is provided reconciling 

~ different views. 


Variability in the degree of action of such inhibitors as mono-vodoacetate 
and cyanide, using the 120/104 procedure 
From Fig. 2 it is obvious that a considerable variability in Na secretion 
would be introduced by the varying levels of muscle Na after the initial 
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immersion during the night in K-free fluid. In the use of an inhibitor such as 
iodoacetate one may be inhibiting a secretion of even more than 40 m-equiv 
or as low as 5 m-equiv Na/kg, and in the frequency distribution of the changes 
of muscle sodium due to inhibitor action this difference will appear, even 
though the action may be maximal at both levels. 

The standard deviation of the change in muscle Na in all the experiments of 
Fig. 2 is +9-6 m-equiv/kg. If one considers the standard deviation for the 
various arrays over a class interval of 2-5 m-equiv/kg, then above 50 m-equiv 
Na/kg the standard deviation is very similar with a mean of approximately 
4-7 m-equiv Na/kg. Thus, if there were a constant concentration of muscle 
Na the variability in the action of an inhibitor could be about halved. There 
would still remain the variability of secretion shown in the arrays. This 
variability may be attributed to varying degrees of action of the sodium pump. 


Sodium effluxes 
It has been shown above that mono-iodoactate (2 mm) fully inhibits (within 
the sampling error) the net total secretion of Na, when using the 120/104 pro- 
cedure, and that on the average cyanide inhibits to the extent of 60%. Here it 
may be noted that Keynes & Maisel (1954) describe experiments in which sartorii 


were first soaked ‘for a short while in “Na Ringer, and were then mounted in | 


the counting chamber. After the disappearance of “Na had been followed for 
80 min in normal Ringer, inhibitors were added to the Ringer and further 
counts taken’. They state that ‘a combination of 0-5 mm iodoacetate with 
3 mM cyanide (at pH 7-6) applied to the muscles for over 3-5 hr’ did not cause 
‘any really obvious reduction in the sodium efflux’. If the sodium efflux did 
really represent an active secretion, then from the experiments described here 
a large degree of inhibition should have been observed on the average. If these 
results of Keynes & Maisel are typical for the conditions, then the inference 
is that the observed efflux was very largely due to exchange diffusion. 


The effect of temperature on the Na efflux 

Here the Na distribution in the normal frog sartorius in vivo may be 
considered first. The total Na in the freshly removed muscle was found to be 
23-9 + 0-6 m-equiv Na/kg (Boyle & Conway, 1941). Muscles labelled in vivo by 
injecting “Na and leaving during the night were found to have a mean value 
for labelled sodium of 19-7 + 1-0 (Conway & Carey, 1955) giving a difference of 
4-2 + 1-2 m-equiv Na/kg which did not mix with the *Na. While this difference 
is very significant (P = 0-0009), the value of the mean is relatively variable. 
Some greater precision may be obtained by a study of the rate at which Na 
leaves sartorii immersed in isotonic glucose containing potassium sulphate 
(5 or 100 mm) (Carey & Conway, 1954). It would appear that while 90% of 
the total Na in fresh muscle comes out in 20-30 min, and apparently at about 
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the same rate as pure interspace sodium, there is very little further change up 
to 120 min, when a mean value of 2-4 m-equiv Na/kg is left. As the Na fraction 
not mixing with the “Na may be regarded as firmly held over a long period, 
this value of 2-4 m-equiv Na/kg may be taken as the non-miscible fraction, 
leaving 21-5 m-equiv Na/kg. The view that this non-miscible fraction is con- 
tained or embedded in connective tissue appears a reasonable interpretation, 
and is supported by some evidence (Harris & Steinbach, 1956). | 

Of the 21-5 m-equiv, 13-5 may be taken as free interspace sodium (0-13 x 104), 
and of the remaining 8-0 m-equiv Na/kg, 2-0 m-equiv can be regarded as free 
intrafibre Na (see Results, p. 71), leaving 6-0 m-equiv as sodium in a special 
region not within the fibres and being probably the sarcolemma. This review 
of the sodium location differs from one previously given (Conway, 1957a) in 
that the fraction of the Na content not miscible with “Na during the night is 
considered to be external to the fibres and embedded in connective tissue, and 
the special-region sodium presumably in the sarcolemma is therefore reduced 
from 7-8 to 6-0 m-equiv/kg. 

If about 6 m-equiv Na/kg exists, apart from the free interspace sodium, 
externally to the fibres or on their external surface it should exchange by 
diffusion with labelled Na. It could be expected then that the Q,, value for the 
efflux of sodium would be almost altogether that for a physical process, down 
to a period when less than 10% of the total Na remains. This is in fact what 
was found, the mean Q,, value down to the disappearance of 90% of “Na 
being 1-39, when fixed intervals —A(log C) were taken for comparison, or 
1-16 where fixed At values were used in the calculation, as described in 
Results, p. 69. 

To observe this effect it is essential that the muscle sodium should be 
labelled in vivo, by injections of labelled sodium given the previous day. If the 
muscle Na is labelled by soaking in labelled Ringer’s fluid, relatively more Na 
will have entered the fibres, and higher Q,, values will then be found. Thus, 
where the muscle Na has been labelled by soaking during the night in K-free 
Ringer’s fluid, the Q,,. value found for the Na efflux was 2-3, from 30 to 
90 min, or about twice that for the same period for the muscle Na labelled 
in vivo. 

A preliminary account of the temperature experiments described here was 
presented by the author at the Symposium on Active Transport, Madison, 
in 1955, but the papers of the symposium did not appear in printed form until 
two years later (Murphy, 1957). Harris (1950) had described temperature 
effects on sodium effluxes and Edwards & Harris (1957) published further 
studies. The Q,, values with muscles labelled by soaking in Ringer’s fluid 
appear rather similar to ours. However, they did not describe effluxes or Qr0 
results for muscles labelled in vivo by prior injection into the living frog. The 
low Q,, values found with labelling in vivo, in addition to the evidence from 
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other sources, appears to provide conclusive support for the view that only a 
small fraction (about 2 m-equiv/kg) of the total muscle Na exists im vivo 
inside the fibres as free Na ions. 


SUMMARY 


1. The amount of net secretion from frog sartorii, after loading with Na by 
soaking during the night in K-free Ringer’s fluid, and transferring for two 
hours at room temperature (18°C) into Ringer-Conway fluid containing 
10 mm-K, depends greatly on the Na content in the first and second immer- 
sion fluids. If the first and second fluids contained 104 mm-Na there was no 
appreciable secretion on the average; and similarly if the two fluids each 
contained 120 mm-Na; but when the first fluid contained 120 mm-Na and the 
second 104 mm-Na there was a very marked secretion, amounting to 
17-1 m-equiv Na/kg. Using companion muscles, 51, 55 and 12 experiments 
were carried out with the 104/104, the 120/104 and the 120/120 procedures 
respectively; three frogs were used for each experiment. 

2. The maximum secretion to be expected in the second immersions is the 
difference between the Na content of the muscles after the K-free immersion 
and that after the second immersion when both fluids contained 10 mm-K. 
With the 120/104 and 104/104 procedures such maximum expected values 
were found to be —18-0+1-0, —3-6+3-5 and —7-8+1-1. The results found 
experimentally were —17-6+0-8; +5-2+46 and —1-0+0-9 respectively 
(secretion being here expressed by the minus sign). 

3. An overlap from 45 to 65-5 m-equiv Na/kg after the first immersions 
occurred between the experiments of the 104/104 and the 120/104 procedures, 
using companion muscles. The means of the 27 experiments in the first 
procedure and of the 47 in the second gave practically the same muscle sodium 
content (55°5 and 55-6 m-equiv/kg). The resulting average secretion in the 
second immersions were respectively 0-8 + 1-0 and 15-6 + 0-8. Thus the secretion 
of Na was strongly stimulated by the previous soaking in the K-free fluid con- 
taining 120 mm-Na rather than 104 mm-Na. 

4. At the same time the secretion of Na in the 120/104 has an average linear 
relation to the muscle sodium level after the first immersion, as is shown by 
a large number of experiments. 

5. The effect of a number of inhibitors on the Na secretion in the 120/104 
procedure was examined, and the following average results obtained: azide 
(2 mm, 30 expts.) had no effect, whereas cyanide (2 mm, 74 expts.) and anoxia 
(30 expts.) both produced a 60% inhibition. Iodoacetate (2 mm, 30 expts.) 
cold (0° C, 32 expts.) and ouabain (10 mm, 30 expts. ) all fully inhibited the 
secretion of Na within the sampling error. 

6. The effect of dinitrophenol (0-027 mm, 43 eae which produces 
maximal stimulation of the oxygen uptake, stimulated the Na secretion about 


i 
i? 
wil 
4 
ct 
“9 
> 
oy 
7 


SECRETION OF SODIUM BY FROG MUSCLE 81 


10°% when the period of the second immersion was 120 min. When the period 
was limited to 30 min the stimulation was 10-9%, (allowing 2 m-equiv Na/kg 
passive diffusion from the interspaces). 

7. The concentration of the dinitrophenol used was shown to inhibit 
oxidative phosphorylation in the isolated sartorii. 

8. When the muscle sodium was labelled in vivo by injecting “Na and 
leaving during the night, the Q,, value for the temperature effect on the 
subsequent exchange rate of “Na in the isolated muscles was found to be about 
the expected order for physical diffusion down to a 90% exchange of *Na. 
On the other hand, if the muscles were loaded with labelled Na by soaking 
during the night in K-free fluid, the Q,, after the first 30 min was approxi- 
mately 2:3, the “Na loss being very slow at 0° C. 

9. Membrane potentials for the muscle fibres were also investigated under 
the 104/104 and 120/104 conditions. 
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THE SITE OF ACTION OF PHLORRHIZIN IN INHIBITING 
INTESTINAL ABSORPTION OF GLUCOSE 


By H. NEWEY, B. J. PARSONS ann D. H. SMYTH 
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The effect of phlorrhizin in inhibiting glucose absorption from the intestine 
both in vivo and in vitro is well established, but the mode of action is still un- 
known. The present work was undertaken in an attempt to locate the site of 
action of phlorrhizin in the intestine. It was done concurrently with the 
experiments using a different technique recently reported by Parsons, Smyth 
& Taylor (1958) and supports their conclusion that one action of phlorrhizin 
is to prevent the entry of glucose into the epithelial cells from the mucosal side. 
A preliminary account has been given by Newey, Parsons & Smyth (1957). 


METHODS 


The general principle of the experiments was to incubate segments of intestine aerobically in 
solutions containing 'C-uniformly-labelled glucose, to examine the radioactivity of the metabolic 
CO,, and hence to determine whether glucose had penetrated into the cells. The intestinal pre- 
paration used was that of Wiseman (1953) as modified by Smyth & Whaler (1953). White rats 
weighing 200-300 g were anaesthetized with pentobarbitone sodium. The intestine was removed, 
and three segments of small intestine, each approximately 16 cm in length, taken from the jejunal 
end were fixed to the apparatus. The intestine was suspended in 25 ml. Ringer-phosphate solution 
(Krebs, 1933) containing 200 mg glucose/100 ml., and 40 ml. of the same solution was also cir- 
culated through the lumen of the intestinal segments. These solutions are referred to as the serosal 
and mucosal fluids respectively. Samples of the mucosal and serosal fluids were taken for analysis 
at the end of the experiments. In the radioactive experiments ‘C-labelled glucose was added to 
either the mucosal or serosal fluid and in some cases to both. During the experiment the metabolic 
CO, was collected as BaCO, as described by Smyth & Whaler (1953), the total amount of CO, was 
measured and also the radioactivity of the BaCO,. The activity of the glucose was determined 
by combustion and conversion to Ba©O,. From the total amount of CO, produced, the activity 
of the BaCO, obtained from this, and the activity of the BaCO, from the labelled glucose 
used, the amount of “CO, was calculated. Determinations were thus made of the metabolic CO, 
derived from the glucose in the mucosal or serosal fluids. Further experiments were done in which 
phlorrhizin was added in various concentrations to the mucosal or serosal fluids, and the effect of 
this on the production of “CO, was measured. In order to allow time for the inhibitor to act the 
phlorrhizin was added 15 min before the labelled glucose, and therefore in the control experiments 
without phlorrhizin the preparation was incubated for 15 min before the labelled glucose was 
added. 
6-2 


i 
i 
4 
Ae 


84 H. NEWEY, B. J. PARSONS AND D. H. SMYTH 


In describing the results the term ‘endogenous OO,’ refers to CO, produced from substances 
present in the intestine at the time of its removal from the animal, while ‘exogenous CO,’ refers to 
CO, produced from the metabolism of glucose added to the mucosal or serosal fluids, and pre- 
sumably entering the intestine from these fluids. The movements of glucose are described as transfer 
of glucose from the mucosal side or transfer to the serosal side, and for these the terms ‘mucosal 
glucose transfer’ and ‘serosal glucose transfer’ are used. Positive values are used for the direction 
of change which happens when no phlorrhizin is present, i.e. decrease in the amount of glucose in 

_ the mucosal fluid is positive mucosal transfer, and increase in the amount in the serosal fluid is 
positive serosal transfer. In all experiments described here mucosal glucose transfers are positive 
except in the presence of 2 x 10-*m phlorrhizin. On the other hand, in the presence of phlorrhizin 

; the total glucose content of the serosal fluid may decrease, and hence serosal glucose transférs 

may be either positive or negative. The same length of intestine was used in all experiments, and 
the results are in all cases given in absolute figures. 

Estimations. The radioactive glucose was obtained from the Radiochemical Centre, Amersham, 
and was diluted so that the solution bathing the intestine contained 0-01 wc/ml. After collection 
of metabolic CO, as BaCO, this was washed and transferred to a weighed counting plate. The 
activity of the labelled glucose was determined by combustion and conversion to BaCO, as 
described by Newey, Smyth & Whaler (1955). The combustion was carried out with the com- 
bustion mixture for carbohydrates described by Van Slyke, Plazin & Weisiger (1951) in a special 
all-glass unit, and the CO, liberated was absorbed in 0-3m baryta. The precipitated BaCO, after 
washing was transferred to a weighed counting plate and its activity was determined by means of 
an end-window counter. After correction for background, resolving time, and self-absorption the 
results were finally expressed in counts per minute at infinite thickness. 

Glucose was estimated by the method of Nelson (1944), and lactic acid by that of Elsden & 
Gibson (1954). 


RESULTS 

4 The rate of production of CO, by the intestine in vitro 

A series of exper'ments was done to determine the rate of CO, production of 
the preparation used. The CO, production was determined (1) without any 
glucose in the mucosal or serosal fluids, and (2) with glucose present in both 
f mucosal and serosal fluids at a concentration of 200 mg/100 ml. In eleven 
4 experiments without added glucose the mean rate was 6-2 mg CO,/hr (s.z. =0-2) 
| and in sixteen experiments with glucose the mean rate was 9-4 mg CO,/hr 


(s.E. = 0-2). It thus follows that in the presence of glucose the CO, production 
of the intestine is increased by about 50%. 


Proportion of endogenous and exogenous CO, in the 
presence of glucose 

The exogenous CO, was measured by determining “CO, derived from 
4C-labelled glucose in the mucosal and serosal fluids. The mean activity of 
BaCO, derived from chemical combustion of the labelled glucose was 1021 
counts/min (s.E.= 14) and the mean activity of the BaCO, derived from 
metabolic CO, in ten experiments was 506 counts/min (s.z.= 9). Since the 
average CQ, production was 9-4 mg CO,/hr, the production of CO, from glucose 
in the serosal and mucosal fluid was 4-7 mg/hr. Thus, in the presence of glucose 
the endogenous CO, production was reduced from 6-2 mg/hr to 4-7 mg/hr and 


| 
| 
| 
| 
it 
ii 
; 
| 
‘al 


PHLORRHIZIN INHIBITION 85 


the exogenous CO, accounted for half the total production. This depression 
of endogenous metabolism is familiar in many types of experiments in vitro 
when substrates are provided. 


Source of the glucose metabolized 


The exogenous glucose metabolized might come from either the mucosal or 
serosal fluid. The proportion coming from each side was determined by experi- 
ments in which labelled glucose was present on either the mucosal or serosal 
side and unlabelled glucose on the other side. The results of these experiments 
are seen in Table 1. In two experiments where labelled glucose was on the 
mucosal side the metabolic CO, derived from this was 3-66 mg/hr and 3-40 mg/ 
hr. The total average exogenous CO, production has been shown to be 4-7 
mg/hr, and hence between 70 and 80% of the exogenous CO, came from glucose 


TaBLE 1, Relative amounts of metabolic CO, derived from glucose in the mucosal and serosal 
fluids. The last column shows what percentage of the average exogenous CO, production 
(4:7 mg/hr) is derived from the labelled glucose, and hence the percentage derived from 
glucose in the mucosal or serosal fluids. Duration of each experiment, | hr 


Activity of | Co, derived 
from 


3 

Glucose Total CO formed _siabelled of average 

- A — produced from CO, glucose ex ous 
Mucosal fluid Serosal fluid (mg) (counts /min) (mg) CO, 

4C-labelled Unlabelled 10-5 356 3-66 78 
M4C-labelled Unlabelled 9-8 353 3-40 72 
Unlabelled M4C-labelled 8-8 100 0-86 18 
Unlabelled 4(C-labelled 9-8 103 0-99 21 


initially present in the mucosal fluid. This conclusion is confirmed by the 
experiments where labelled glucose was added to the serosal side. In these 
experiments it was found that only 20% of the exogenous CO, came from 
glucose on the serosal side. It is interesting to note that Wilson (1956), in 
experiments with radioactive glucose, found that 73 % of the lactic acid formed 
came from the glucose initially present in the mucosal fluid. 

The intestinal preparation in vitro evidently obtains from the serosal fluid 
about 20% of the glucose which it metabolizes. A question of some interest 
is whether the metabolism of serosal glucose is due to the activity of the 
muscle layer only, or whether some of the glucose coming from the serosal side 
penetrates beyond the muscle layer. This question was explored by experi- 
ments in which the mucosal layer was scraped off and the metabolism of the 
musele alone studied by the technique described by Newey et al. (1955). Four 
experiments of this sort were carried out. The amount of CO, formed was 
respectively 1:5, 1-1, 1-9 and 1-7 mg/hr. Since the amounts were very small 
the BaOO, from the four experiments was pooled, and the radioactivity of the 
BaCO, found to be 242 counts/min. From this it is calculated that the average 
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amount of exogenous CO, was 0-37 mg/hr. Comparing this with figures in 
Table 1, it is seen that less than half the serosal glucose metabolized is ac- 
counted for by the metabolism of the muscle layer. 


Phlorrhizin is well known to inhibit glucose transport by the intestine in 
vitro, and Parsons et al. (1958) have suggested that in concentrations less than 
10-* m it does so by preventing glucose entering the cell from the mucosal side, 
and hence by making glucose unavailable to both the metabolic and transport 
mechanisms. (In higher concentrations it has a direct effect on metabolism.) 
If this hypothesis is correct, the following effects of moderate concentrations 
of phlorrhizin would be expected: (1) no reduction of endogenous carbon 
dioxide production and possibly some increase; (2) reduction in the amount of 
glucose metabolized from the mucosal side; (3) no reduction in the amount of 


glucose metabolized from the serosal side. Experiments were therefore under- 


taken to test these points. 

Effect on endogenous and total exogenous metabolism. The effect of phlorrhizin 
on endogenous metabolism was tested both in the presence and absence of 
glucose. In the absence of glucose this required only collection of metabolic 
CO,. For measurement of endogenous CO, in the presence of glucose, ™C- 
labelled glucose was present in both the mucosal and serosal fluids. The 
results are presented in Tables 2 and 3. Table 2 gives the results for endo- 
genous metabolism in the absence of glucose. From this it is seen that 


TasLe 2. The effect of phiorrhizin on endogenous CO, production in the absence of glucose 
Phlorrhizin but no glucose was present initially in both the mucosal and serosal fluids. 
Duration of each experiment, | hr. Values are means + S.E.M. 


Concentration of Average CO, 
izin No. of | production 
(™) (mg) 
0 6-2+0-2 
6 5840-3 
10-* 6 5-440-3 
2x1lo-* 7 4440-2 


TaB_LE 3. Effect of phlorrhizin on exogenous and endogenous CO, production in the presence of 
glucose. Phlorrhizin in the concentration shown and “C-labelled glucose (200 mg /100 ml.) were 
present initially in both the mucosal and serosal fluids. Duration of each experiment 1 br 


Concentration Average CO uction ( 
of phlorrhizm No. of 
expts. Total Exogenous Endogenous 

0 16 9-4 4-7 4-7 
10-* 2 9-7 4-2 5-5 
2x10-* 2 9-2 3-9 5-3 
6 8-0 3-5 4-5 
10-* 4 8-0 3-3 4-7 
2-5 x 10-* 2 8-3 2-8 5-5 
5x10-* 4 6-8 1-75 5-1 
10-* 2 6-6 1-5 51 
2x10° 2 4-9 0-8 41 
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5 x 10-* m phlorrhizin had no significant effect on endogenous CO, production 
and 10-* m ascarcely significant effect (P < 0-1), but 2x 10-°m had a significant 
inhibitory effect (P < 0-001). The effects of phlorrhizin in the presence of 
_ glucose are shown in Table 3. Phlorrhizin in concentrations of 5 x 10-5 m and 
_ greater clearly had a very definite inhibitory effect on total CO, production, 
and this was due almost entirely to the inhibition of exogenous metabolism, 
endogenous metabolism being almost unaffected. It thus seems clear that the 
effect of phlorrhizin in concentrations less than 10-* m on endogenous meta- 
bolism, either in the presence or absence of glucose, is negligible and the 
inhibition of total CO, production is brought about by inhibition of the entry 
of glucose into the cells. 


Tass 4. Effect of phlorrhizin on oxidation of mucosal glucose. Labelled glucose (200 mg/100 ml.) 
was initially present in mucosal fluid only, and unlabelled glucose (200 mg/100 ml.) in the 
serosal fluid. Duration of each experiment | hr 


glucose of 
(m) (mg) (counts /min) (mg) phlorrhizin 

0 10-5 356 3-66 | 79 

0 9-8 353 3-40 72 
5x1lo-* 8-0 302 2-36 50 
5xlo-* 73 306 2-18 46 
5x10 6-4 115 0-72 15 
5x1lo-* 6-8 150 1-00 21 


Tasve 5. Effect of phlorrhizin on oxidation of serosal glucose. Labelled glucose (200 mg/100 ml.) 
was present initially in the serosal fluid only, and unlabelled glucose (200 mg/100 ml.) in the 
mucosal fluid. Duration of each experiment | hr | 


Percentage 
of total 
CO, derived exogenous 
from metabolism 
Phlorrhizin Total CO, Activit serosal in the 
concentration produced of . glucose absence of 
(mt) (mg)  (counts/min) (mg) _phlorrhizin 
0 ss 100 0-86 18 
0 9-8 103 0-99 21 
5 x 1lo-* 9-5 92 0-86 18 
5x10 6-7 109 0-72 15 
5x10 6-3 115 0-71 15 
5x 10-* 7-0 147 1-01 21 


Effect on metabolism of glucose from the mucosal or serosal fluids. The object 
of these experiments was to determine the effect of phlorrhizin on the amount 
of glucose metabolized from the mucosal and serosal fluids. This was done by 
measuring the amount of labelled metabolic CO, in the presence of various 
concentrations of phlorrhizin when the labelled glucose was present initially 
in only the mucosal fluid or the serosal fluid but not in both. The results of 
these experiments are seen in Tables 4 and 5. In these tables the total amount 


Percentage 
of total ; 
CO, derived exogenous 
from metabolism 
Phlorrhizin Total CO, Activity of mucosal in absence 
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of CO, derived from the mucosal or serosal glucose is given, and this is also 
shown as a percentage of the total exogenous glucose metabolism in the absence 
of phlorrhizin. From these tables it is clear that the effect of phlorrhizin is to 
reduce the amount of glucose metabolized from the mucosal side, while that 
from the serosal side is unchanged. 

The failure of phlorrhizin to inhibit metabolism of glucose from the serosal 
side was confirmed in another series of experiments in which “C-labelled 
glucose and phlorrhizin were present only on the serosal side, with no glucose 
or phlorrhizin on the mucosal side. The results of these experiments shown in 
Table 6 are in complete agreement with those in Tables 4 and 5, and show that 
the inhibitory action of phlorrhizin on glucose movement is limited to the 
mucosal side of the intestine. 


TaB_e 6. Effect of phlorrhizin on oxidation of glucose from the serosal fluid. In these experi- 
ments phlorrhizin and labelled glucose were present initially only in the serosal fluid. Dura- 
tion of each experiment | br 


CO, derived 
from 
Total CO, A of serosal 
produced BaCO, glucose 
(™) (mg) (counts /min) (mg) 
0 6-5 176 
0 70 204 1-4 
0 5-8 203 1-2 
5x10-* 6-2 168 1-0 
5x10-* 7-0 189 1-3 


Taste 7. Effect of phlorrhizin on glucose transfer, glucose metabolism, lactic acid production 
and final glucose content of intestine. Phlorrhizin in the concentration shown and glucose 
(200 mg/100 ml.) were present initially in both mucosal and serosal fluids, Duration of each 


experiment 1 hr 
Final ; 
Concentration Mucosal Serosal glucose Lactic 
of , glucose glucose content of Glucose acid 
phlorrhizin No. of transfer transfer, gut metabolized formed 
(M) expts. (mg) (mg) (mg) (mg) mg) 
0 16 28-5 3-7 4-2 20-3 13:1 
10-* 2 -1:2 3-8 23-8 12-2 
2x 10-* 2 22-6 — 3:3 3-6 22-4 — 
5x 10-* 6 18-8 0-4 3-3 15-1 10-9 
10-* 4 17-2 -1-4 3-8 12-5 8-2 
2-5 x 10-* - 2 12-3 -4-2 3-5 13-5 6-0 
5 x 10-+ 8 4-9 —4-9 2-9 7-0 5-1 
10-* 2 3-9 3°5 45 3-7 
2x10-* 4 -13 4-2 6-6 ~~ 


Effect of phlorrhizin on glucose transport and metabolism. Table 7 shows the 
effects of phlorrhizin on glucose transport and metabolism. The results are 
very similar to those obtained by Parsons et al. (1958) with a different type of 
in vitro preparation, and confirm the fact pointed out by these authors that 
glucose transport is inhibited at a concentration of phlorrhizin which has 
almost no effect on metabolism. An additional point not studied by Parsons 
et al. (1958) is the amount of glucose present in the intestine at the end of the 
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experiment. This appears to be reduced by increasing concentrations of 
phlorrhizin until a concentration approaching 10-* m is reached; at higher 
concentrations than this the intestinal glucose rises. 


DISCUSSION 


The results show clearly that in the presence of phlorrhizin the following 
effects are produced: (1) There is very little reduction in endogenous meta- 
bolism until a concentration of 10-* m is reached. (2) There is a large reduction 
in the total amount of glucose metabolized. (3) There is no reduction in the 
amount metabolized from the serosal side. (4) There is a large reduction in the 
amount metabolized from the mucosal side. (5) There is reduction in both 
mucosal and serosal transfer, particularly the latter, and serosal transfer is 
completely stopped at a concentration of phlorrhizin which has little effect on 
metabolism. In attempting to locate the site of the phlorrhizin-sensitive 
mechanism consistent with these findings the simplified diagrams shown in 
Fig. 1 are presented. Glucose in the lumen of the intestine enters the mucosal 
cell, and this entry of glucose into the cell may take place either by diffusion 
(Fig. 1a) or it may involve a special mechanism (Fig. 16, c). Having entered 
the cell, some glucose enters the metabolic system while some is transported to 
the serosal side. The transport could be due to another special mechanism, 
independent of the mechanism of entry of glucose (Fig. 15) or it could be due 
to diffusion as a result of a high concentration being created by the entry 
mechanism (Fig. 1c). There are three possible sites for the action of phlorrhizin 
in these schemes, namely at X, Y or Z. If phlorrhizin acts at Z the inference 
is that by inhibiting metabolism it reduces the energy available for the trans- 
port mechanism (which might be either at X or Y). Our results indicate that 
at high concentrations, i.e. 10-* m or greater, phlorrhizin does act at Z, byt at 
low concentrations it does not, since transport is seriously affected by & con- 
centration which scarcely affects metabolism as measured by CO, production. 
If phlorrhizin acts at Y it would stop serosal transport completely, while 
mucosal transport would be reduced to a level required only for metabolism, 
and metabolism itself would not be affected. If phlorrhizin acts at X it would 
stop serosal transport and also interfere with metabolism of glucose, and 
furthermore this interference would be specifically for glucose from the 
mucosal side, while the metabolism of glucose from the serosal side would not 
be affected. All the evidence presented in this paper favours the view that at 
low concentrations phlorrhizin acts at X, and at high concentrations acts also 
at Z. This implies that there is a special mechanism for entry of glucose into 
the cell from the mucosal side, which is phlorrhizin-sensitive. Our results do 
not give any evidence about the nature of the phlorrhizin-sensitive mechanism. 
It might be either a facilitated diffusion or it might be an energy-requiring 
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process which could move glucose against a gradient. The simplest hypothesis 
is to postulate a scheme as in Fig. 1c, where only one special mechanism is 
required, and where the mechanism for entry of glucose also builds up a high 
concentration of glucose at the mucosal side of the cell, as a result of which 
further transport can take place by diffusion. While this scheme is an attractive 
one, the possibility shown in Fig. 1b must also be envisaged, where the 
mechanism of entry may be only a facilitated diffusion, and a further process 
may be required for moving the glucose against a concentration gradient. 
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Fig. 1. Suggested schemes for the entry of glucose from the intestinal lumen into the mucosal ce! 
and its transport to the serosal side. The possible sites of phlorrhizin action are indicated by 
the letters X, Y and Z. For discussion of the effects of phlorrhizin at these sites see text. 
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The effects of high concentrations of phlorrhizin on metabolism are in 
agreement with the results of Fleischmann (1937), Shapiro (1947) and Lot- 
speich & Keller (1956). The views put forward here on the site of action of 
phlorrhizin are also eonsistent with the finding that the glucose content of the 
intestine is diminished by concentrations of phlorrhizin up to 5x10 m, but 
at higher concentrations is increased somewhat. The reason for this is pre- 
sumably that glucose content depends on a balance between the rate of entry 
and rate of metabolism. The scheme discussed here is in complete agreement 
with the findings of Parsons e al. (1958). Parsons et al. (1958) have also 
pointed out another possible though unlikely explanation of their results, i.e. 
that phlorrhizin inhibits the metabolism of the mucosal cells, but not the 
metabolism of the muscle layer, and that the metabolism of glucose from the 
serosal fluid is due to metabolism in the muscle cells. This explanation seems 
now to be even less likely, since it has been shown that the metabolism of 
glucose initially present in the serosal fluid cannot be fully accounted for by 
the metabolism of the muscle layer. 

Krane & Crane (1959) have discussed the action of phlorrhizin in preventing 
reabsorption of glucose by the tubular cells of the kidney. They suggested that 
phlorrhizin might act at different sites in different biological systems, as in 
some cases it prevented glucose uptake by cells at concentrations in which it 
could not penetrate the cells, whereas in other cases, as has been shown by 
Lotspeich & Keller (1956), it could enter the cells and might produce effects 
intracellularly. Our results indicate that both these possibilities, i.e. surface 
action and intracellular action, may take place in the intestine, so that even in 
the one system phlorrhizin may act in more than one way, and at more than 
one site. Fisher & Parsons (1949) did in fact show that a high concentration of 
phlorrhizin could affect both metabolism and transport of glucose, but their 
technique did not make it possible to locate the sites of action of phlorrhizin. 


SUMMARY 

1. A method is described for measuring the endogenous metabolism of the 
intestine in vitro and also the metabolism of glucose initially present in the 
mucosal or serosal fluids. | 

2. Phlorrhizin inhibits the mucosal and serosal transfer of glucose at a con- 
centration in which it has no effect on endogenous metabolism. In higher 
concentrations it also affects endogenous metabolism. 

3. The inhibition of exogenous metabolism by phlorrhizin can be accounted 
for by reduction in the metabolism of glucose originally present in the mucosal 
fluid. 

4. Itis concluded that phlorrhizin inhibits glucose absorption by acting on a 
mechanism responsible for the passage of glucose across the membrane on the 
luminal side of the mucosal cell. | 
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The main vessels which maintain the cerebral circulation are the carotid and 
vertebral arteries, but animals may survive simultaneous ligation of all four 
of these vessels. Astley Cooper (1836) showed that after such ligatures dogs 
could regain good condition and develop large anastomotic channels which 
carried blood rostrally. Similar experiments were reported by Andreyev 
(1935) and by Evans & Samaan (1936). Hill (1896) ligated these vessels in 
acute experiments in cats and other animals. 

Survival immediately after occlusion of the main vessels must depend on 
sufficient blood reaching the cerebral circulation to maintain medullary 
function, and this requires arterial channels to the intracranial (and extra- 
cranial) circulation additional to the carotid and vertebral arteries. In the 
course of investigations into the blood supply of the cat brain (Holmes, New- 
man & Wolstencroft, 1958) it was noticed that occlusion of the costocervical 
arteries sometimes caused blood derived from the carotid arteries to extend 
further caudally than usual in the brain stem. This observation suggested that 
in some of the animals, at least, these vessels made a significant contribution 
to the field of supply of the vertebral arteries. The experiments reported in 
this paper have shown that the costocervical arteries and other vessels arising 
in the root of the neck can in many animals maintain medullary function after 
bilateral occlusion of the carotid and vertebral arteries. Some preliminary 
findings have already been presented (Holmes & Wolstencroft, 1958). 


METHODS 


Experiments were carried out on 28 adult cats of either sex, weighing between 2 and 5 kg. They 
were anaesthetized by intravenous injection of sodium pentobarbitone (N embutal, Abbott 
Laboratories Ltd., 45 mg/kg body weight). The femoral arterial blood pressure was recorded with 
& mercury manometer, and in some experiments lingual artery pressure was also recorded with a 
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Hiirthle membrane manometer connected to a cannula inserted into the central end of the lingua! 
artery, close to its origin from the external carotid. Respiration was recorded by a tambour, with 
a bypass, connected to the outlet of an expiratory valve attached to a tracheal cannula. 

Occlusion of vessels. Loose snares were placed around each common carotid artery (proximal 
to the dorsal muscular branch unless otherwise stated) and also around the thyrocervical, 
costocervical and vertebral arteries of each side close to their origin from the subclavian (Fig. 1). 
In some experiments snares were also placed around the external carotid arteries and the dorsal 
muscular branches of the common carotids. Bulldog clamps were used for the actual occlusion 

of the vessels. 

Direct observations of the basilar artery. The basilar artery was exposed as previously described 
(Holmes et al. 1958). It was observed under a binocular microscope (10 x magnification) or with 
the unaided eye during the injection of Evans Blue (0-5 % in NaCl 0-9 % (w/v)) into the subclavian 
artery distal to the origin of the vertebral trunk. The injection was made by inserting a No. 19 
Record needle through the wall of the artery. In some experiments the dye was injected into the 
dorsal muscular branch of the common carotid artery by means of a cannula directed away from 
the main vessel. 

Latex injections. After the completion of occlusion experiments on each animal all clamps were 
removed and the thorax opened. A cannula was inserted into the descending aorta which was tied 
below this point. The aortic arch was also tied at its origin, and the superior vena cava opened. 
The vessels of the forepart of the animal were perfused with 300 ml. saline (NaCl 0-9 % (w/v)) con- 
taining sodium nitrite 20 mg/100 ml. Red latex (rubber latex 60%, Latex Process and Dispersion 
Co. Ltd.) was then injected at a pressure of 180 mm Hg until small vessels in the mucosa of the 
mouth and tongue were well filled. The aorta was ligated above the cannula, which was then 
withdrawn. The animal was immersed in acetic acid 7% (w/v) for 1-2 hr, and then transferred to 
acidified formalin (40% formalin 10 parts, glacial acetic acid 5 parts, water to 100 parts). Fixation 
was continued for 3 days or longer. The specimen was finally stored in 50% alcohol, and the 
vessels of the head and neck later were dissected. A binocular microscope was used in the dis- 
section of the finer branches of the arteries. 


RESULTS 
Anatomical findings 
The latex injection mass filled the arteries of the upper thorax, head and neck, 
but did not pass through the capillaries into the veins. As a result of the 
experimental findings reported later, it was apparent that arteries arising in 
the root of the neck provide accessory sources of blood for the cerebral 
circulation, and Fig. 1 is a drawing of a typical dissection of the arterial 
branches in this area. 

Costocervical trunk. The distribution of the main branches of this trunk was 
found to correspond to the description of Reighard & Jennings (1935). The 
vessel arises from the subclavian artery immediately proximal to the thyro- 
cervical trunk, and gives off almost immediately a superior intercostal branch 
which supplies the contents of the upper two or more intercostal spaces. 
A large transverse cervical branch is then given off, which passes over the 
cranial aspect of the first rib between the 8th cervical and 1st thoracic nerves. 
In almost all cases the main trunk or its transverse cervical branch gives rise 
at this point to a vessel which ascends in front of the roots of the brachial 
plexus, usually lateral to the vertebral artery, and ends in a number of sma!! 
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branches close to the foramen transversarium of the 6th cervical vertebra. 
In its course, this ‘paravertebral’ vessel gives rise to smaller branches, which 
pass medially along the 7th and 8th cervical nerves. Small branches also travel 
laterally with these nerves, often lying deeply between them. The most rostral 
branch of this vessel usually lies between the 6th and 7th. nerves and, 
apparently, supplies muscle and ligaments in this area. 

One or more branches from the costocervical trunk pass medially along the 
lst thoracic nerve. These branches may arise proximal or distal to the origin 
of the transverse cervical artery from the main trunk; if distal, they may be 


1st rib L 


Fig. 1. Drawing of a dissection to show the main arteries in the anterior cervical region, viewed 
from the left side of the cat. The nerve roots which enter the brachial plexus (C5-T 1) are 
cross-hatched, and branches from costocervical and thyrocervical trunks are shown passing 
centrally along these nerves. C, common carotid artery; 4, subclavian artery; Cc, costo- 
cervical trunk; 7’c, thyrocervical trunk; V, vertebral artery, which enters the foramen trans- 
versarium in the 6th cervical vertebra; /M, internal mammary artery; M, dorsal muscular 
branch of the common carotid. 
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said to arise from the ‘deep cervical’ artery, a name given to the main vessel 
beyond its transverse cervical branch. This deep cervical artery finally passes 
dorsally between the heads of the Ist and 2nd ribs and gives numerous 
branches to the cervical muscles. 

Thyrocervical trunk. This vessel arises from the subclavian artery slightly 
lateral to the costocervical trunk, and passes laterally, rostrally and somewhat 
dorsally, lying on the ventral aspect of the cervical nerves entering the brachial 
plexus. It gives a branch of variable size to structures in the anterior plane of 
the neck, and two branches which pass medially, usually along the 6th and 
5th cervical nerves, in the same way that branches of costocervical origin pass 
along the 7th and 8th. These vessels give small branches which run deeply 
between the nerve roots. In some cases the branch to the 7th cervical nerve 
may also come from the thyrocervical trunk instead of from the costocervical. 

Thus all the nerves entering the brachial plexus are provided with small 
arteries, which run towards the spinal cord. These vessels are not concerned 
solely with the supply of nervous tissue, but give fine branches to the soft 
tissues surrounding the nerves, as well as to ligaments of the vertebral column. 
In the injected material no major anastomosis could be found between these 
vessels and the spinal arteries; but small branches were seen to pass along the 


dorsal nerve roots, and to provide at any rate potential anastomotic channels | 


in this region. After giving off these branches to the dorsal nerve roots, the 
vessels continue dorsally through the posterior intervertebral foramina, and 
branch in the dorsal muscular mass. Some may be very closely associated with 


the vertebral artery as they traverse the vertebrarterial canal, although no ~ 


actual anastomosis was found. 

Vertebral artery. The vertebral artery, in its rostromedial course towards the 
foramen transversarium of the 6th cervical vertebra, occasionally gives off a 
small branch which passes medially along one of the lower cervical nerves. 
In the canal the vessel gives branches to both dorsal and ventral nerve roots. 
The former, however, are minute, and the main contribution to the spinal 
plexus appears to pass via the ventral roots. 

Contrary to usual descriptions, no dorsal muscular branches of the vertebral 
arteries were found, except in the suboccipital region. Here the artery gives off 
a large branch, as it turns dorsally in a groove on the lateral surface of the 
atlas, which supplies muscles in the upper cervical region. Reighard & Jennings 
(1935) noted that an anastomosis with the occipital artery might occur here, 
and such a vessel has been found in some, but not in all dissections. Where 
demonstrable this anastomosis is between a descending muscular branch of 
the occipital and one of the smaller suboccipital branches of the vertebral. 

Carotid artery. In its course through the neck the common carotid artery 
gives off a large muscular branch, which passes dorsally into the cervical 
musculature and branches extensively. One of these divisions may pass 
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medially along the 3rd cervical nerve, and a smaller branch of this may 
traverse the vertebrarterial canal, closely applied to the lateral aspect of the 
vertebral artery, and issue from the posterior intervertebral foramen. It was 
never possible to demonstrate a direct anastomosis between the latter branch 
and the vertebral artery. 

I ntercostal arteries. It does not seem likely that branches of the intercostal 


_ arteries can play a major part in the blood supply of the brain. These vessels, 


however, give rise to small branches which pass medially along the thoracic 
nerves in the same manner as described in the cervical region, so that inter- 
costal contributions many reach the spinal plexus through this route. 

From these anatomical findings it is apparent that after occlusion of the 
main vessels blood may reach the central nervous system from costocervical, 
thyrocervical and intercostal arteries by two main routes. The first, and more 
direct one, is through the branches of these vessels which pass medially along 
the cervical and thoracic nerve roots, and anastomose with the longitudinal 
spinal plexus (see Figs. 1, 2). The second is through the various branches of 
these vessels which ramify in the dorsal cervical musculature. Blood from this 
field may enter the upper part of the vertebral system through the latter’s 
suboccipital muscular branch (Fig. 2); or may enter the carotid artery by 
retrograde flow along the dorsal muscular branch. Blood which enters the 
occipital artery, either by retrograde flow along its muscular branches, or from 
the upper part of the carotid system, may pass directly to the circle of Willis 
along the ascending pharyngeal artery (described by Davis & Story, 1943). 

As reported below in the experimental section, accessory contributions to 
the cerebral circulation were adequate to maintain medullary function in 
most but not all cats after occlusion of both carotid and both vertebral 
arteries. As in most studies of the vascular system, minor variations in the 
pattern of arterial branches were noted in individual animals, but these could 
not account for survival of some animals or medullary failure in others. 

Occlusion experiments 

Carotid and vertebral arteries. Eighteen animals out of twenty-four (75%) 
continued to breathe after bilateral carotid and vertebral occlusion (at 5 and 1, 
Fig. 2). These animals have been called the ‘survivors’. Typical responses are 
shown in Figs. 3 and 4. There was an initial stimulation of respiration, some- 
times followed by a period of depression or apnoea; respiration then became 
steady, the rate and depth being either above or below that found before 
occlusion. A change from normal respiration to gasping was observed in two 
animals. Femoral artery blood pressure rose by 50-70 mm Hg. 

Six cats (‘non-survivors’) ceased to breathe within a few seconds of occlu- 
sion of these vessels. Blood pressure rose but after about 2 min began to fall. 


Cardiac failure occurred unless the clamps were removed. 
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In three ‘survivors’ an indication of the cephalic arterial pressure was 
obtained by recording from the central end of one lingual artery with a 
Hiirthle manometer (Fig. 4). After bilateral occlusion of the common carotid 
artery proximal to the main muscular branch (at 5, Fig. 2), lingual pressure 


Diagram of the arterial supply to the cat brain. © O O indicates anastomotic channe's. 
(Anastomoses in the dorsal cervical musculature other than occipitovertebral anastomoses 
are not shown.) Figures 1-9 on the right side of the diagram indicate points of occlusion 
referred to in the text. Arteries, lettered on the left: AP, ascending pharyngeal; AS, anterior 
spinal; B, basilar; C, common carotid; Cc, costocervical; CR, carotid rete; CW, circle of 
Willis; ZC, external carotid; /M, internal mammary; L, lingual; M, dorsal muscular branch 
of common carotid ; O, occipital; RA, ramus anastomoticus; S, subclavian; 7’, thyroid branch 
of common carotid; 7'c, thyrocervical; V, vertebral. 
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Fig. 3, Cat. Respiration and femoral arterial blood pressure before and during bilateral occlusion 
of vertebral (V), common carotid (C), thyrocervical (7'c) and costocervical (Cc) arteries. 


Fig. 4. Cat. Respiration, femoral arterial blood pressure and lingual blood pressure (Hirthle 
manometer). Bilateral occlusion of same arteries as in previous figure at points indicated. 
7-2 
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fell to an average of 38 %, of its initial value, and then rose again to 55 % of this. | 


Bilateral occlusion of the vertebral arteries then produced a fall to an average 
of 21% of the initial value, followed by a recovery to 25%. This recovery was 
associated with a rise in systemic pressure, and in one instance in which this 
did not occur after occluding the vertebral arteries, lingual pressure did not 
recover. It is interesting to note that Traube-Hering waves were still present 
in the lingual pressure record after occlusion, although they are not to be seen 
in the records published by Chungcharoen, Daly, Neil & Schweitzer (1952). 
Otherwise the changes in lingual pressure reported above are in general 
agreement with those described by the latter workers. 


Fig. 5. Cat. Respiration and femoral arterial blood pressure. Bilateral occlusion of common 
carotid (C) and vertebral (V) arteries. A before and B after 15 mg pentobarbitone intra- 
peritoneally. C 4 hr after B; D after 30 mg pentobarbitone. 


In one ‘non-survivor’ measurements of lingual artery pressure showed that 
carotid occlusion reduced it to 15°%, of its initial value, with recovery to 26%. 
Subsequent vertebral occlusion then reduced it to 13% followed by recovery 
to 22°% and this was associated with a large rise in systemic pressure. These 
pressures are lower than those described above, suggesting that the anasto- 
motic channels in this animal were smaller than in the ‘survivors’. 

In two ‘survivors’ the effect of increasing the depth of anaesthesia was 
investigated, and a record from one of these animals is shown in Fig. 5. After 
the response to occlusion had been observed (Fig. 5A), the clamps were 
removed and a further 15 mg pentobarbitone was injected intraperitoneally. 
When the occlusion was repeated 10 min later (Fig. 5B), the animal exhibited 
a brief phase of periodic and subnormal respiration followed by respiratory 
failure. After half an hour recovery had taken place (Fig. 5C). A further 
30 mg pentobarbitone was given, which changed the response to that of a 
typical ‘non-survivor’ (Fig. 5D). The second animal gave similar results. 
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Thyrocervical and costocervical arteries. The animals in which respiration 
persisted provided sensitive preparations in which any further reduction in the 
bleod supply by occlusion of other vessels could be readily detected. Unless 
otherwise mentioned, all the experiments described in this and the following 
section were made on these ‘survivors’. 

Subsequent occlusion of the thyrocervical arteries (at 3, Fig. 2) was followed 
by depression of respiration and a rise of blood pressure, although the size of 
this effect varied from one animal to another (Figs. 3, 4). Occlusion of the 
costocervical arteries (at 2, Fig. 2) after carotid and vertebral occlusion had 
a similar but more constant effect. In one animal the branch of the left 
costocervical artery that ascends close to the vertebral artery (at 4, Fig. 2) was 
separately occluded, producing depression of respiration. When both thyro- 
cervical and both costocervical arteries were occluded respiration failed in most 
animals, and an initial rise of blood pressure was followed by a profound fall 
(Figs. 3, 4). In three cats respiration continued after all these vessels had been 
occluded. 

Measurements of lingual pressure after carotid and vertebral occlusion gave 
an average value of 27 mm Hg. The additional occlusion of the thyrocervical 
arteries resulted in a reduction of lingual pressure by an average of 10 mm Hg, 
which was then followed by a return to its previous value as the systemic 
pressure rose. Occlusion of the costocervical arteries then reduced lingual 
pressure by an average of 14 mm Hg, which was again followed by recovery 
(Fig. 4). 

The above experiments demonstrated that when the carotid and vertebral 
arteries had been occluded, the thyrocervical and costocervical arteries con- 
tributed to medullary blood supply. They also showed that when these four 
vessels were occluded bilaterally other arteries made a contribution to cephalic 
arterial pressure which was sufficient to maintain medullary function in three 
animals (13%). This contribution possibly came from the intercostal arteries, 
via the longitudinal spinal plexus. 

In one ‘non-survivor’ occlusion of the costocervical (but not the thyro- 
cervical) arteries reduced lingual pressure after bilateral carotid and vertebral 
occlusion. This showed that anastomotic channels via this artery were patent 
in this animal, although the blood flow was insufficient to maintain medullary 
function. 

Dorsal muscular branches of the common carotid arteries. After occlusion of 
the vertebral arteries and the common carotid arteries proximal to the dorsal 
muscular branches (i.e. at 1 and 5, Fig. 2), blood flowed in a retrograde 
direction through these branches, into the common carotids and along the 
external carotid arteries to contribute to the maintenance of medullary blood 
supply. This was evident from the following experiments: (i) The occlusion 
of the dorsal muscular branches (at 6, Fig. 2) on one or both sides led to a 
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further fall of lingual pressure, followed by depression or cessation of breathing 
(Fig. 6.4, C). Occlusion of the thyroid branches had no such effect. (ii) Occlu- 
sion of one external carotid proximal to its lingual branch (at 8, Fig. 2) pro- 
duced a fall of lingual pressure and depression of breathing (Fig. 6C). 
(iii) Occlusion of one external carotid distal to its lingual branch (at 9, Fig. 2) 
produced a rise of lingual pressure and depression of breathing (Fig. 6 B). 


Fig. 6. Cat. Respiration, femoral and lingual arterial blood pressures. Before these recordings 
the vertebral arteries had been occluded and also the common carotid arteries, proximal to 
their dorsal muscular branches. A: M, bilateral occlusion of the dorsal muscular branches of 
the common carotids. B: EC, unilateral occlusion of the external carotid distal to the lingual 
artery used for recording; arrows indicate beginning and end of occlusion. C: HC, unilateral 
occlusion of the external carotid just proximal to the lingual artery used for recording; 
M, unilateral occlusion of the dorsal muscular branch of the carotid on the same side; arrows 
as before. 


In Fig. 6C the fall of lingual pressure produced by occlusion of one muscular 


branch and by occlusion of the external carotid just proximal to the lingual 
branch on the same side were approximately equal, indicating that most of the 
blood flowing into the external carotid was reaching it via the muscular 
branch, When the flow of blood was interrupted by occlusion of this branch 
subsequent occlusion of the external carotid artery proximal to the lingual 
branch (at 8, Fig. 2) on the same side produced a slight further fall in lingual 
pressure (about 2 mm Hg). This could have been due to exclusion of blood 
entering by a retrograde flow along the occipital artery. 

When the common carotid arteries were occluded distal to the muscular 
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branches (at 7, Fig. 2) the subsequent occlusion of these branches (at 6, Fig. 2) 
again reduced lingual pressure and produced depression of respiration. It is 
evident that under these conditions blood was flowing from the common 
carotid arteries through the muscular branches and via anastomoses previously 
described to contribute to medullary blood supply. 


Direct observations 

Dye injections. In four cats the basilar artery was observed during the 
injection of Evans Blue into the left subclavian artery distal to the origin of the 
vertebral artery but proximal tothe costocervical artery. Dye entered the costo- 
cervical and thyrocervical arteries but none was seen in the basilar artery. These 
results contrast with the observation of dye in the basilar artery when it was 
injected into thesubclavian proximal tothe vertebral artery (Holmesetal. 1958). 

The basilar artery was also observed in four cats while dye was injected 
through a cannula inserted into the peripheral end of the muscular branch of one 
common carotid artery. In two of these animals dye was seen in the basilar 
artery immediately after the injection. 

Latex injections. Certain observations were made during injection of latex 
after the death of the animal. In one animal the common carotid arteries were 


ligated before the injection both above and below their dorsal muscular 


branches. In addition the external carotid vessels were tied above and below 
the origin of the occipital artery, and the costocervical, thyrocervical and 
internal mammary arteries were also ligated. The vertebral vessels were left 
patent, and the common and external carotid arteries were opened between 
the ligatures to allow fluid to escape. During the injection latex was observed 
to flow along the dorsal muscular branches into the common carotids. It also 
entered the occipital artery of one side, and appeared in both thyrocervical and 
both costocervical vessels distal to the ligatures. This provided further evidence 
for the existence of anastomoses between the vertebral arteries and the 
muscular branches of the carotids, and also with the occipital, costocervical 
and thyrocervical arteries. 
DISCUSSION 

The experiments described above confirm that in the majority of cats subjected 
to bilateral occlusion of the carotid and vertebral arteries sufficient blood may 
reach medullary neurones to maintain fuction for at least a limited period. 
This fact had been shown previously by a number of authors, including Hill 
(1896) who found that 60% of his cats survived such a ligation. Dogs 
apparently withstand this procedure more readily (Astley Cooper, 1836; Evans 
& Samaan, 1936). Monkeys survive; but rabbits usually succumb (Hill, 1896). 
The present study has been concerned only with the ‘acute’ state, and the 
adequacy of anastomotic channels to prevent immediate loss of medullary 
function. The anatomical studies also have been concerned only with the 


t 
ay 
4 
~ ae 


104 R. L. HOLMES AND J. H. WOLSTENCROFT 


demonstration of anastomoses patent in such ‘acute’ preparations. The great 
enlargement which such channels may undergo if the animals are allowed to 
survive occlusion of the vessels for some months was strikingly demonstrated 
by Astley Cooper (1836). 

The present experiments demonstrate a number of accessory routes by which 
blood can reach the brain. Tf the carotid and vertebral arteries are occluded, 
the main sources of blood will be from the costocervical and thyrocervical 
arteries. There may also be a contribution from other vessels which connect 
with the longitudinal spinal plexus. The dorsal muscular branches of the 
common carotid arteries provide another anastomotic channel in which the 
direction of flow will depend on the point of occlusion of the carotid arteries. 
The level of the occlusion will be of first importance in determining which 
anastomotic channels (muscular and spinal) can be utilized. The most effective 
method of reduction of the blood supply to the brain would probably be that 
of ligation at several levels, e.g. ligation of the vertebrals near their origin 
from the subclavian arteries and rostral to their junction with the anterior 
spinal artery; ligation of the carotid arteries above and below the muscular 
branches, and ligation of the external carotid arteries. 

It is clear that, in any experiments involving occlusion of arteries in tliis 
region, the point of occlusion must be accurately known and possible anasto- 
motic channels considered. These anastomoses must also be considered in 
relation to the technique of anaemic decerebration, introduced by Pollock & 
Davis (1923). In this procedure the basilar artery is ligated at the desired 
level, and the common carotid arteries clamped. Constantin & Wang (1958) 
have pointed out that this procedure may not lead to complete diencephalic 
anaemia in cats. They found that hypothalamic responses to electrical stimula- 
tion could persist for at least 2 hr after decerebration by this method, but that 
they disappeared if the cervical musculature had been ligated previously. They 
attributed this finding to the presence of an occipitovertebral anastomosis 
which we have found inconstantly in the cat. Jewell (1952) considers that 
such a connexion is always present in the dog, and found that carotid blood 
may reach the basilar stream by this route (Jewell & Verney, 1957). Another 
possible channel along which blood could reach the rostral brain stem under 
these conditions would be via the muscular branches of the carotid, as 
described above, provided that the carotid arteries had been clamped proximal 
to these. The point of occlusion is not specified by Constantin & Wang (1958), 
nor in the original description by Pollock & Davis (1923). However, a later 
paper by Pollock & Davis (1930) states ‘it is important to ligate the common 
carotid trunk and its external and internal branches, because in some animals 
an anastomosis is present between the terminal branches of the carotid and 
the vessels of the neck’. This was written before Davis & Story (1943) had 
noted that the internal carotid is not usually patent in adult cats. 


’ 
“tha 
iy 
j 
re 


BLOOD SUPPLY OF CAT BRAIN 105 


To remove all extracranial sources of blood to the circle of Willis after tying 
the basilar artery, each common carotid must be clamped above its muscular 
branch (probably the largest single anastomotic channel); the external carotids 
should be occluded above the occipital artery to prevent blood passing via a 
vertebral-occipital anastomosis; and the small ascending pharyngeal arteries 
to the cirele of Willis must also be ligated. 

It is difficult to assess the role played by these various vessels in the cerebral 
blood supply of the intact animal. Any experimental approach must inevitably 
change the haemodynamic equilibrium to some extent. It was found that 
occlusion of the costocervical trunk resulted in a more caudal distribution of 
carotid blood in the brain stem of some cats (Holmes et al. 1958). Dye injected 
so as to enter subclavian branches other than the vertebral artery could not 
be detected in the basilar artery, but could be found in the cervical cord 
(Holmes & Wolstencroft, unpublished observations). It appears that costo- 
cervical (and probably thyrocervical) blood contributes to basilar artery | 
pressure (Holmes et al. 1958), but probably not to basilar flow under normal 
conditions. Ligation of thyrocervical and costocervical trunks could thus 
reduce the arterial pressure in the cervical part of the longitudinal spinal 
arterial channels, and hence create a tendency for vertebral and carotid blood 
to flow to more caudal levels than usual. 

If the present series of experiments is compared with that of Hill (1896), the 
number of cats surviving carotid and vertebral occlusion was 75 and 60%, 
respectively. Anatomically no difference could be detected between the 
‘survivors’ and ‘non-survivors’ of the present series, and the costocervical 
arteries were found to contribute to lingual pressure in both groups of animals. 
However, the lingual pressure after occlusion of the carotid and vertebral 
arteries was lower in a ‘non-survivor’ than in the ‘survivors’. This suggests 
that the size of anastomotic channels available may be a factor governing 
survival of the medulla in acute experiments, and that failure of the medulla 
may be a direct consequence of blood flow falling below a critical level. Depth 
of anaesthesia is another important factor. i 

Although it has not been the purpose of these experiments to investigate th 
critical pressure below which respiratory failure occurs, the results are in 
agreement with those of Roberts (1924). He found that respiration was 
paralysed in rabbits when the pressure measured from the central end of one 
carotid artery fell to a value between 6 and 18 mm Hg. In the present experi- 
ments respiration has continued on several occasions when the lingual pressure 
was between 5 and 10 mm Hg. It is possible that medullary failure under these 
conditions was due to closure of blood vessels below a critical pressure (Burton, 
1951). Measurements of the ‘critical closing pressure’ for the rabbit’s ear 
and hind limb by Nichol, Girling, Jerrard, Claxton & Burton (1951) gave a 
value of 5 mm Hg in the absence of vasomotor tone. Carlyle & Grayson (1956) 
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found that cerebral blood flow fell to zero when the blood pressure was 20 mm Hg 


but the present experiments suggest that medullary flow may continue when | 


pressure is in the range 5-10 mm Hg. Further information on basilar artery 
pressures and flow would seem desirable before it can be decided whether 
reduction in flow or complete closure is the cause of medullary failure under 
these conditions. 

SUMMARY | 

1. Respiration continued after occlusion of the common carotid and verte- 
bral arteries in eighteen out of twenty-four anaesthetized cats. 

2. Subsequent occlusion of the thyrocervical and costocervical trunks was 
followed by respiratory failure in all except three animals. 

3. Records of pressure in the lingual artery and of respiration before and 
after various occlusive procedures showed that blood could also reach the 
medulla along an anastomotic route which included the dorsal muscular 
branches of the common carotid arteries, and that the direction of flow in 
these vessels varied with the sites of occlusion of the main trunks. 

4. Dissections made after arterial injections of latex showed that branches 
from the costocervical and thyrocervical trunks pass medially along all the 
nerves entering the brachial plexus and form potential anastomoses with the 
spinal arterial plexus. Branches from the vertebral arteries also pass centrally 
along dorsal and ventral nerve roots towards the spinal plexus. 

5. A second anastomotic field lies in the dorsal cervical musculature, and 
includes branches of the costocervical and thyrocervical trunks, dorsal 
muscular branches of the common carotids, suboccipital branches of the 
vertebrals, and the occipital arteries. 

6. Direct observations showed that dye injected into the costocervical and 
thyrocervical trunks does not normally reach the basilar artery, but that dye 
injected into the dorsal muscular branches of the common carotids may do so. 

i. The technique of anaemic decerebration is discussed in relation to the 
present findings, and a procedure suggested for the effective limitation of the 
blood supply to the circle of Willis. 
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Abramson & Ferris (1940) studied the effect of a short period of menta! 
arithmetic on the volume of the hand and on the rate of its blood flow. They 
found a decrease in both volume and blood flow. Their subject did a sum which 
took between 12 and 19 sec to answer. The aim of the present work was to 
study the changes in hand blood flow during 10 min mental arithmetic, a 
longer test than that used by Abramson & Ferris. 

The results show that under the conditions of our experiments the initial 
vasoconstriction, if present, was usually only transient. Furthermore, an 
unexpected result was observed in the hands of some hyperhidrotic subjects, 
namely, a marked vasodilatation. 


METHODS 


The subject lay on a couch. Room temperature was usually between 21 and 23°C. A hand 
plethysmograph was fitted for recording the blood flow by the venous occlusion method (Barcroft 
& Swan, 1953). The plethysmograph was filled with water maintained at about 32°C. In most 
experiments another plethysmograph was fitted to the opposite hand or forearm or to the foot. 
A sphygmom ter cuff was placed round the arm for arterial blood-pressure determinations 
in many experiments, although on two occasions the blood pressure was recorded intra-arterially 
by a capacitance manometer by Dr A. H. Kitchin, to whom we are much indebted. In some 
experiments arrangements were made for recording skin resistance from the toes and foot. 

The subject had been resting for at least half an hour before recording began. Then came an 
initial period of 15 min during which the subject relaxed as fully as possible while control deter- 
minations were made. The 10-min mental arithmetic test then began without warning. A metro- 
nome was started. The subject was given a number, say 4039, and told to subtract, say 17, and to 
answer a8 quickly as possible. As soon as he had answered, he was told to subtract 17 quickly from 
the remainder and so on as fast as possible till the end of the 10 min. The difficulty of the sum and 
the severity of the questioning differed from subject to subject, the aim being to excite and main- 
tain as much mental activity as possible (Brod, Fencl, Hejl & Jirka, 1959). At the start of the test, 
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and from time to time during it, the subject was reminded to keep his limbs relaxed. Blood flows 
were recorded at 15 sec or 20 sec intervals for the first minute and then at minute intervals. In 
the experiments in which the arterial blood pressure was measured with the sphyg 0 ter, 
a reading was taken about half way through the test. Further blood flow and other determinations 
were made for about 10 min after the test. A second mental arithmetic test was then usually 
given and the experiment finished. Changes in heart rate were calculated from plethysmograph 
or manometer tracings. 

Subjects. Normal subjects included students and colleagues of both sexes. In addition, tests 
were carried out on patients who had undergone cervical sympathectomy within the previous 
3 months, usually for Raynaud’s phenomenon or hyperhidrosis. A further group of patients 
suffering from excessive sweating, usually of the palms of the hands, was also studied. 
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Fig. 1. Results showing typical effect of 10-min mental arithmetic on arterial blood pressure, 
heart rate, hand blood flow (@) and forearm blood flow (©) of a normal subject. 


RESULTS 


Figure 1 shows a typical result obtained on a normal subject. The determina- 
tions have been shown on the graph at intervals of 1 min. Heart rate increased 
during the mental arithmetic test and so did both systolic and diastolic blood 
pressures. These results and the fact that the forearm blood flow also increased 
show that the performance of the mental arithmetic was accompanied by 
changes in the circulatory system which lasted throughout the test. In spite 
of this, however, there was very little alteration in the blood flow through the 
hand. 
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Twenty-six arithmetic tests were performed on twelve normal male and 
four normal female subjects. The average changes in hand blood flow at the 
beginning of the tests were — 3% during the first 20 sec, -2% between 20 
and 40 sec, +27°% between 40 sec and 1 min. The flows recorded at 1-min 
intervals from the first to the tenth minute were also averaged for each test. 
The results are shown in the top histograms in Fig. 2; the average change 
for all twenty-six tests was +27%. 

The results for nineteen 10-min tests on two sympathectomized men and 
nine sympathectomized women are shown in the middle histograms in Fig. 2; 
the average change was +5%. The range in the sympathectomized subjects 
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Fig. 2. Histograms showing the effect of 10 min mental arithmetic on the blood flow in the hand. 
Each test is denoted by a group of three rectangles; the solid rectangle represents the average 
blood flow during the 10-min mental arithmetic, the open rectangles denote the average 
flow during the preceding and succeeding 5-min periods. 
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was less than that in the normal subjects (—37% to +100% as compared 
with —70% to +300%, respectively). 

The discovery of the marked effect of mental arithmetic on the hand blood 
flow in some hyperhidrotic subjects was an accidental one. One of the subjects 
sent for testing suffered from hyperhidrosis. Mental arithmetic caused a large 
increase in hand blood flow. The test on this subject was done four times, twice 
on each hand, with the same result. After this, several other hyperhidrotic 
subjects were sought and obtained for testing. Four of them responded 


similarly. 
Arithmetic 
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Fig. 3. Results showing marked increase in hand blood flow (@) during mental arithmetic in a 
hyperhidrotie subject. There was little change in arterial blood pressure or forearm blood 
flow (©). Plethysmograph temperature 36° C. 


Figure 3 shows a typical result obtained on one of these subjects. There is 
a large increase in hand blood flow without any comparable effect on either 
arterial blood pressure or forearm blood flow. 

Six other hyperhidrotic subjects, however, did not show the vasodilator 
type of response. The results for all eleven hyperhidrotic subjects are shown in 
the bottom histograms in Fig. 2. On the left are those for the three women 
and two men who showed marked vasodilatation; the average change in hand 
flow for this group was +200%. On the right are the results for the tests on 
three women and three men in whom no vasodilatation was observed; the 
average change was less than + 1%. The difference between the two groups is 
highly significant (P < 0-001). 

Some further observations made on the hyperhidrotic subjects who showed 
the marked vasodilator type of response are of interest. This vasodilatation 
must have been mediated by-the sympathectic since it was no longer obtainable 
after sympathectomy (Fig. 4). Although the vasodilator response was present 
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in the hands of five hyperhidrotic subjects it was not necessarily present in the 
foot, as for example in one of the experiments shown in Fig. 5. In other 
experiments skin resistance was measured in the foot and fell _— each 
mental arithmetic test (Fig. 6). 
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Fig. 4. Results showing that the marked increase in hand blood flow during mental 
arithmetic in a hyperhidrotic subject was absent after sympathectomy. 


DISCUSSION 


The results which we recorded during the first minute of mental arithmetic 
differed from those obtained by Abramson & Ferris (1940). We found scarcely 
any change in hand blood flow; they reported a decrease. This difference may 
be because the temperature of our room was lower. 

Although the averaged results for the 10-min tests on the normal subjects 
showed a small increase of hand blood flow (+27) which could largely be 
explained by the small increase in the blood pressure, results in individual tests 
show that some hands did show vasodilatation and others vasoconstriction. 
Whereas the vasoconstrictor responses must have been mediated by the vaso- 
motor centre, the vasodilator ones could have been mediated either by the 
vasomotor or the sudomotor centre. The results of similar mental arithmetic 
tests previously done by Kuno (1956) show that some emotional sweating must 
have occurred from the palms of the hands of most normal subjects. Our skin 
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Fig. 5. Results showing that increase in blood flow in the foot (©) may or may not occur when 
there is increase in hand blood flow (@) during mental arithmetic in hyperhidrotic subjects. 
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Fig. 6. Results showing increase in hand blood flow and simultaneous decrease in skin 
resistance in the foot during mental arithmetic in a hyperhidrotic subject. The accuracy 
of the blood flow results obtained in the first test is questionable. 
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resistance readings suggest that emotional sweating also occurred on the sole 
of the foot, although in a smaller proportion of subjects. Fox & Hilton (1958) 
have shown that activity of the sweat glands in the forearm skin causes local 
vasodilatation owing to the liberation of an enzyme from the active glands 
and the action of bradykinin, a polypeptide formed from proteins in the sub- 
cutaneous tissue fluid; sweat collected from the hand also contains bradykinin. 
This suggests that the occasional vasodilator responses which we observed in 
the normal hand may have been caused by palmar sweating. We cannot, 
however. at present say whether the vasomotor or the sudomotor centre was 
responsible. Kuno (1956) has shown that, up to a point, the amount of palmar 
sweat secreted during the 10-min mental arithmetic test increases with increase 
in the environmental temperature. It would be interesting to know the effect 
of mental arithmetic on hand blood flow at higher room temperatures. 

The tests had very little effect on the blood flow through the sympathecto- 
mized hands. The small increase in mean blood pressure was about balanced by 
a corresponding increase in the peripheral resistance. The rate of liberation of 
sympathomimetic substances is unlikely to have been increased by more than 
1 or 2y4g/min, since larger increases cause a conspicuous decrease in hand blood 
flow (Swan, 1951). 

The vasodilatation found in the hands of five hyperhidrotic subjects was 
quite remarkable. Three of these subjects were tested several times on different 
days and always with the same result. A control experiment showed that the 
increase in blood flow could not have been due to muscular contraction in the 
hand. Figure 4 shows that the vasodilatation was abolished by sympathectomy. 
Although quantitative estimations of the sweat rate were not made, beads of 
perspiration could often be seen on the face, neck, hand or foot after tests on 
these hyperhidrotic subjects. In some experiments skin resistance in the foot 
fell during each test (Fig. 6). It seems clear that the sudomotor responses were 
exaggerated owing to increase in the discharge frequency of the sudomotor 
centre (Chalmers & Keele, 1949, 1952). It is likely that this overactivity of 
the otherwise normal sweat glands was accompanied by the formation of an 
unusually large amount of bradykinin in the subcutaneous tissue of the hand, 
causing the marked vasodilatation. Under the circumstances it seems unlikely 
that the vasomotor centre could have been responsible. 

In the experiments on these subjects vasodilatation occurred in the foot of 
one subject but not in that of another (Fig. 5). It was not conspicuous in the 
forearm where emotional sweating does not occur (Kuno, 1956). 

Several of the hyperhidrotic subjects whose hands did not show vasodilata- 
tion during the tests did not perspire profusely at any time in our laboratory. 
Visible perspiration appeared for the first time on the right hand of one of the 
subjects some time after the tests had been completed; although its cause was 
not clear, it was interesting to observe that there was a coincident increase in 
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blood flow through the other hand. Another subject perspired so profusely all 
the time that sweat dripped from the plethysmograph. He had rather a high 
resting hand flow, which decreased slightly during the tests. 

It is now generally agreed that the marked vasodilatation which takes place 
in the hands of normal subjects during body warming can be explained by the 
release of vasoconstrictor tone, and that it is unnecessary to suppose that 
vasodilator nerves are implicated (Arnott & Macfie, 1948; Gaskell, 1956; Roddie, 
Shepherd & Whelan, 1957 a, 6). However, the mechanism of the vasodilatation 
in hyperhidrotic hands during emotional sweating appears to be different. 
It is probably caused by activity of the sympathetic sudomotor fibres, and the 
formation of bradykinin in the subcutaneous tissues. 


SUMMARY 


1. The effect of 10 min of mental arithmetic on the blood flow in the hand 
has been studied by venous occlusion plethysmography. Room temperature 
was usually 21-23° C. 

2. In normal subjects the average change in hand blood flow was —3% 
during the first 20 sec, —2°% between 20 and 40 sec, +27% between 40 sec 
and 1 min and +27% for the whole 10-min period. 

3. In sympathectomized subjects the average change for the whole 10 min 
was +5%,. 

4. Visible sweating occurred in some hyperhidrotic subjects during the 
tests; the average change in hand blood flow in this group during the 10 min 
was +200%. 

5. No visible sweating was seen during the tests on other hyperhidrotic 
subjects; the average change in flow in this group than +1%. 

6. The marked vasodilatation in the hands of the hyperhidrotic subjects who 
sweated visibly during the tests was probably caused by bradykinin formed in 
the subcutaneous tissue during overactivity of the sweat glands. 

For permission to carry out these investigations on patients, the authors are very greatly 
indebted to Mr Sol. M. Cohen, Dr M. Feiwell, Dr L. Forman, Professor J. B. Kinmonth, Dr F. L. 
Lydon, Dr R. H. Marten, Dr G. B. Mitchell-Heggs, Dr Brian Russell, Dr H. J. C. Wallace, 
Dr G. C. Wells and Dr D. I. Williams. We are grateful to all subjects for their willing co-operation, 
and also to Dr B. Léfving for assistance, to Dr J. G. L. Williams for the loan of a skin resistance 
applicator and to Mr Normal Thurlow for technical assistance. One of us (E. A. H.) was in receipt 
of a British Council Bursary. 
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Interest has recently been re-aroused in the toxicology of organo-tin com- 
pounds, of which triethyltin (TET) is of special interest. In the rat this sub- 
stance produces a massive oedema of the white matter of the central nervous 
system (Magee, Stoner & Barnes, 1957). Biochemical investigations have been 
carried out in an attempt to elucidate the primary site of action of triethyltin. 
Aldridge (1958) showed that triethyltin is a potent inhibitor of oxidative 
phosphorylation by rat liver mitochondria, and rat brain mitochondria are 
! equally sensitive (personal communication). The experiments of Cremer (1957) 
on tissue slices from a variety of organs of the rat showed that triethyltin, in 
low concentrations, inhibits oxidation by brain slices, yet has very little effect 
on the respiration of other tissues. In the whole animal the picture is different. 
Stoner & Threlfall (1958) studied phosphate distribution and the incorporation 
of *P in the brain and liver of rats poisoned with triethyltin. Their results 
' suggest that in the whole animal triethyltin interferes with the utilization 
rather than the production of high-energy phosphates. 

This paper records experiments carried out on intestinal preparations studied 
in vivo and in vitro in order to examine the effect of triethyltin on metabolism 
and the utilization of energy (active transport). Since dinitrophenol (DNP) is 
generally accepted as a classical inhibitor of oxidative phosphorylation (Loomis 
? & Lipmann, 1948), the effects on intestinal function of triethyltin and dinitro- 
phenol have been compared. 

METHODS 
In vitro 

The preparation was the everted intestinal sac of the rat (Wilson & Wiseman, 1964) as modified 
by Parsons, Smyth & Taylor (1958). The experiments were carried out in three series. 
. (1) Transport experiments. 30 cm sacs were shaken at 80 cycles/min in a gas phase of 5% co, 


in O, at 38° C for 1 hr. Bicarbonate saline (Krebs & Henseleit, 1932) containing 500 mg glucose/ 
100 ml. (in most cases) was used as the incubation medium. 3 ml. of the bicarbonate saline was 
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injected into the sac (serosal fluid) and the sac was suspended in 15 ml. of the same solution 
(mucosal fluid). Changes in the volume and glucose content of the mucosal and serosal fluids were 
measured, control sacs being compared with sacs in which the mucosal and serosal fluids contained 
inhibitor at suitable concentrations. A few experiments were carried out to study the distribution 
of triethyltin between the mucosal and serosal fluids and the sac wall at the end of the incubation 
period. 

(2) Respiration experiments. 3 cm sacs were convenient for these experiments. The sacs were 
filled with 0-3 ml. phosphate saline (Krebs, 1933) containing in most cases 500 mg glucose/100 ml. 
The mucosal volume in these experiments was 3-0 ml. The sacs were incubated at 38° C in a gas 
phase of oxygen and shaken at 80 cycles/min in a standard Warburg flask. Oxygen consumption 
was measured by the conventional technique described by Umbreit, Burris & Stauffer (1949). 
The control respiration of the sacs was measured for 30 min, after which the inhibitor was added 
from the side arm. Oxygen consumption was measured for a further 60 min and the rate of 
respiration in the second period expressed as a percentage of the initial respiration. A correction 
was made for the depressed respiration in the second period found in control sacs when no inhibitor 
had been added. Carbon dioxide production by sacs was studied by the direct method described 
by Umbreit et al. (1949). 

(3) Glucose utilization, lactic acid and pyruvic acid production and adenine nucleotide levels. 
30 cm sacs were incubated for 60 min as described for the transport experiments. At the end of the 
incubation period, the mucosal and serosal fluids were pooled and made up to a known volume, 
from which samples were removed for glucose, pyruvic acid and lactic acid estimations. The 
empty sac was plunged into liquid nitrogen and processed for the estimation of adenine nucleotides. 


In vivo 

The iteiins of Sheff & Smyth (1955) was used. Adult female rats (200-250 g body wt.) were 
anaesthetized with ether, and bicarbonate saline (Krebs & Henseleit, 1932) containing glucose 
500 mg/100 ml. perfused through the intestinal lumen. Triethyltin, in suitable concentrations, was 
present in the circulating intestinal luminal fluid. Glucose transport was measured by the dif- 
ference between the glucose initially present in the circulating fluid, and the glucose present in 
this fluid at the end of a 30 min experimental period. Water transport was estimated by measuring 
the concentration and total quantity of glucose in the circulating fluid 2 min after the beginning 
of the absorption period and at the end of this period. The technique used to obtain water trans- 
port is essentially that described by Jervis, Johnson, Sheff & Smyth (1956). These workers used 


thiosulphate as the test substance. Control animals were compared with animals containing 


triethyltin in the intestinal luminal fluid. 
Analytical methods 
Glucose was estimated by the method of Nelson (1944), lactic acid by the method of Barker & 
Summerson (1941) and pyruvic acid by the method of Friedemann & Haugen (1943) as modified 


by Aldridge & Cremer (1955). Triethyltin was estimated by the method of ae OS & Cremer (1957) 
and adenine nucleotides as described by Threlfall (1957). 


RESULTS 
Transport experiments 
The effects of different concentrations of triethyltin on the transport of water 


and glucose into the serosal fluid of intestinal sacs (serosal transport) are com- 
pared with those of dinitrophenol (Table 1). 


These results show that triethyltin is a potent inhibitor of the transport of 
glucose and water by sacs. The range over which it acts is small, inhibition 
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commencing at 4x 10-* m and being almost complete at 2x 10m. Glucose 
and water transport are inhibited to about the same extent throughout the 
inhibition range. On a molar basis dinitrophenol is ten times less effective 
than triethyltin in inhibiting intestinal transport systems. 


TasLe 1. The effect of triethyltin sulphate and dinitrophenol on serosal glucose and water 
transport by everted intestinal sacs of the rat. The values recorded are the means of not 
less than four experiments 


Water transport Glucose 
( wl. /mg initial (»g/mg ini 

Conen. of wet wt./hr) 

inhibitor A A 

(mt) TET DNP TET DNP 

0 1-18 1-10 10-5 9-8 
2x10-* 1-21 11-7 
8x10-* 0-66 — 2-4 
1-5 x 10-5 0-30 -10 
2x 10-5 0-08 -2-9 
5x 10-5 0-00 ~ 3-6 8-0 
1x10-* 0-00 0-74 -3-8 -10 
2-5 x 10-* 0-47 -31 
5x 10-* 0-26 -3-7 


Taste 2. The effect of triethyltin and dinitrophenol on the final mucosal and serosal glucose 
concentrations produced by intestinal sacs having an initial mucosal and serosal glucose 
concentration of 500 mg/100 ml. The glucose concentration gradient between the final 
mucosal and serosal fluids is included. The recorded figures are the mean of not less than four 


ex periments 


Final mucosal concn. Final serosal concn. Conen. gradient 
Conen. of (mg/100 ml.) (mg/100 ml.) (mg/100 ml.) 
inhibitor 
(m) TET DNP TET DNP TET DNP 
0 11 87 660 625 649 538 
2x 10-* -- 673 
4x10-* 21 620 599 
-8xl0o-* 181 — 455 274 
1x 10-5 158 — 453 295 
1-5 x 10-5 241 350 109 
2x10-* 286 299 13 
5x10-5 330 42 280 571 - 50 529 
1x 10-* — 177 321 144 
2x10-* 370 280 ~90 
25 x 10-4 265 — 250 
5x 10-4 279 206 -73 


The mucosal and serosal glucose concentrations of sacs at the end of a 60 min 
incubation period in the presence of a range of triethyltin and dinitrophenol 
concentrations are given in Table 2. The final glucose concentration gradient 
is also included and shows that both inhibitors reduce the glucose concentration 
cradient at concentrations which reduce water transport. 

Some experiments were carried out to study the effect of triethyltin on water 
transport by sacs in the absence of glucose transport. Since the intestine om 
vitro will not transport water in the absence of glucose (Fisher, 1955), glucose 
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was placed in the serosal fluid at concentrations of 500 and 1000 mg/100 ml. 
No glucose was present in the mucosal fluid. Under these conditions water 
transport takes place at only 50-60% of the rate obtained when glucose is 
present in both the mucosal and serosal fluids. Triethyltin inhibits this water 
transport (Table 3). 


TaBie 3. The effect of triethyltin sulphate on serosal water transport by intestinal sacs having 
no glucose in the mucosal fluid. Glucose was present in the serosal fluid at an initial con- 
centration of 500 or 1000 mg/100 ml. 


Water Initial serosal 

,Conen. of TET ( ul. /mg initial glucose concn. 

(m) wet wt. /hr) (mg/100 ml.) 
0 0-65 500 
2x10-* 0-67 500 
2x10 0-18 500 
0-01 500 
0 0-74 1000 
2x10-* 0-70 1000 
2x 10-* 0-12 1000 
1x10-* 0-05 1000 


TasBLe 4. The effect of triethyltin sulphate on glucose and water transport by the rat small 
intestine in vivo. The period of experimental absorption was 30 min, triethyltin being present 
in the intestinal luminal fluid at the concentrations shown. The figures are the mean of not 
less than four experiments 


Conen. of TET Water transport Glucose transport 
(m) (ml. /rat/30 min) (mg/rat/30 min) 
0 1560 124 
2x10-* 14-0 114 
2x10-* 14-0 106 
2x10-* 11-0 89 
6x10~ 7-1 80 
1x10-* 6-4 42 
2x10-* 2-6 27 


Tasxe 5. The uptake of triethyltin sulphate by intestinal walls in vitro and in vivo. 
Triethyltin transport is also included 


In vitro In vivo 
Concn. of TET wall ey ow intestine 

(™) (»g/g initial wet wt. /hr) (g/g initial wet wt. /hr) 
2x10-* 1-1 0-34 ome 
2x10°5 20-8 8-00 
2x10-* — — 18-0 408 
— 129-0 1840 
— — 290-0 6640 


The results of the transport experiments in vivo are given in Table 4. Under 
these conditions glucose and water transport are inhibited over the range 
2x10 to 2x 10-*M, and so triethyltin would appear to be 100 times less 
effective in vivo. The amount of triethyltin in the intestinal wall of these pre- 
parations (Table 5), at concentrations of triethyltin greater than 2 x 10 ™ 
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in the perfusion fluid, is greater than that present in the preparation in vitro 
under conditions which completely abolish transport. 

Table 5 also includes figures for triethyltin transport. In vitro, triethyltin 
transport into the serosal fluid occurs only at low concentrations of inhibitor 
under conditions where water transport is taking place. This transport is 
probably a passive diffusion of triethyltin in the water stream, since the actual 
concentration of triethyltin in the serosal fluid falls below its initial level 
during the incubation period. 


Respiration expervments 

At concentrations of triethyltin below 2 x 10-* m (Table 6), the respiration 
of sacs is not significantly depressed. Respiration is greatly reduced at higher 
concentrations of inhibitor. In the absence of glucose triethyltin has a smaller 
percentage effect on sac respiration, although it reduces the respiration of sacs 
in the presence and absence of glucose to the same absolute level. A few 
experiments were carried out measuring the R.Q. of sacs in the presence of 
glucose over a range of triethyltin concentration. The observed R.Q. was 
approximately 1-0 and was not altered by triethyltin. 


Tasie 6. The effect of triethyltin sulphate on the oxygen consumption of 3 cm everted intestinal 
sacs in phosphate saline. Each value is the mean of six experiments 


Oxygen consumption 
With glucose Without glucose 
Conen. of TET pl. /mg initial % of ul./mg initial % of 
wet wt./hr control wet wt./hr control 
0 2-58 100 1-82 100 
2x10-*° 2-52 98 
2x10-* 2-60 101 
2x10? 2-44 
2x10-* 2-28 88 
2x10 1-35 52 1-49 82 
2x10-* 0-96 37 1-10 61 
Metaboli 


Triethyltin would appear to have very little effect on the glycolytic cycle 
of intestinal sacs (Table 7). Glucose utilization is depressed, but even at a 
concentration of 1x 10~‘m triethyltin, when oxygen consumption is only 
45% of the control value, glucose utilization is still 70% of normal. Over the 
range of concentration studied, there is no fall in the production of lactic acid 
and pyruvic acid; indeed, production is slightly raised in the intermediate 
range. When the ability of the sacs to oxidize substrate is decreased by 
triethyltin, lactic acid and pyruvic acid account for a greater percentage of 
the metabolized glucose. | 
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TaBLE 7. The effect of triethyltin on glucose utilization, lactic acid production and pyruvic acid 
production by everted intestinal sacs. Each value is the mean of at least four experiments 


Lactic acid Pyruvic acid Glucose 
production production utilization 
Conen. of TET (ug/mg initial (ug/mg initial (ug/mg initial 
(™) wet wt. /hr) wet wt. /hr) wet wt./hr) 
0 14-0 0-15 25-2 
2x 10-* 141 0-19 24-7 
2x10-* 16-9 0-18 20-8 
1x1l0-* 13-6 0-15 17-8 


Tas_E 8. The adenine nucleotide levels of intestinal sacs incubated for 60 min in a medium con- 
taining triethyltin sulphate or dinitrophenol at the concentrations shown. All values are 
expressed as yumoles/g initial wet wt. 


Conen. of ATP ADP AMP Total adenine DPN 

inhibitor =————, 
(Mm) DNP TET DNP TET DNP TET DNP TET ODNP 

0 058 058 o52 O52 O28 O28 #=+%O18 O18 
2x10* 0-55 0-50 0-28 1-33 0-17 
2x10-* 0-36 0-49 — 0-28 1-13 0-17 — 
0-45 0-40 — 0-30 — 1-15 0-17 
Ixl0* O11 O28 O31 O37 O22 O31 O64 O96 O13 O18 
— 0-12 0-30 0-32 — 0-74 0-17 


TaBLe 9. The adenine nucleotide levels of intestine immediately after removal from rats. The 
intestine examined came from the same region of the jejunum and was the same length as the 
intestine normally used for the preparation of everted sacs. The figures in brackets are the 
mean values obtained from control intestinal sacs after 1 hr incubation 


Total 
ATP ADP AMP adenine DPN 
<_ (pmoles/g wet wt.)- 
1-45 0-77 0-19 2-40 0-26 
(0-58) (0-50) (0-28) (1-38) (0-18) 
Adenine nucleotides 


The adenine nucleotide levels of intestinal sacs after incubation in a medium 
containing triethyltin are given in Table 8. Triethyltin has no effect on the 
nucleotide levels at inhibitor concentrations below 2x 10-*m. Higher con- 
centrations of inhibitor depress ATP levels. ADP and AMP levels are only 
significantly depressed at 1x 10-4m when there is also a fall in the DPN 
content of sacs suggesting a general deterioration of the tissue. 

Dinitrophenol (Table 8) causes a considerable fall in ATP levels, a fall in 
ADP levels and a rise in AMP levels. The DPN levels of sacs are not significantly 
changed by dinitrophenol. There is a considerable loss of adenine from this 
preparation in the presence of high concentrations of both inhibitors. The 
sacs contain very little IMP, and these levels are not increased at high in- 
hibitor concentrations, so that adenine nucleotide may have been broken down 
by the intestine into a form not detectable by the method of Threlfall (1957 ), 
or possibly IMP is produced and diffuses into the incubation medium. 

The adenine nucleotide levels of the intestinal sac preparation are very low 
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compared with the levels found in other tissues when using the same technique 
(Stoner & Threlfall, 1958). Because of this the nucleotide levels of intestine 
removed from the anaesthetized animal and immediately frozen were measured. 
It would appear (Table 9) that even under control conditions, the intestine in 
vitro loses a considerable quantity of nucleotide after 60 min incubation. 


DISCUSSION | 
Aldridge (1958), using isolated rat liver mitochondria, demonstrated that 
triethyltin is a very potent inhibitor of oxidative phosphorylation. Triethyltin 
causes marked changes in metabolism and transport by the intestine in vitro, 
and it is of interest to consider whether these effects can be explained on the 
basis of an inhibition of oxidative phosphorylation. Water and glucose 
transport by the small intestine are active processes which require metabolic 
energy. The two processes are probably independent since water transport will 
occur in the absence of glucose, although it is not possible to demonstrate 
glucose transport in the absence of water transport. Many reports have 
demonstrated the dependence of glucose transport on the normal metabolism 
of the intestine, although the linking of glucose transport to the energy systems 
of the cells has not been established. Verzar & McDougall (1936) first suggested 
that a phosphorylation process is involved in glucose transport. Water trans- 
port is an active process requiring energy, as has been demonstrated by Smyth 
& Taylor (1957). Curran & Solomon (1957) demonstrated that water transport 
is associated with ion movement, and ion movement is probably dependent on 
ATP, as was suggested by Sutcliffe & Hackett (1957). Water movement by 
intestinal preparations in vitro is associated with glucose transport and 
metabolism (Fisher, 1955) so that the inhibition of water transport by 
triethyltin under conditions where glucose transport occurs simultaneously. 
does not necessarily prove that water transport is directly inhibited by tri- 
ethyltin. The experiments carried out with glucose in the serosal fluid only, and 
hence in the absence of glucose transport, indicate that the inhibition of water 

transport by triethyltin is independent of any action on glucose transport. 
Intestinal sac respiration in vitro is inhibited by triethyltin, which agrees 
with the results of Aldridge (1958) on isolated mitochondria. The respiratory 
quotient is unchanged, and respiration in the presence and absence of glucose 
is reduced to the same level at high concentrations of inhibitor. The most likely 
explanation of these findings is that triethyltin blocks a step in oxidative 
metabolism common to both endogenous and exogenous metabolism. If lactic 
acid and pyruvic acid production is taken as a measure of glycolytic activity 

of the intestine, this would appear to be unaffected by triethyltin. 
Comparison between the effects of dinitrophenol and triethyltin on adenine 
nucleotides shows that both inhibitors effectively reduce ATP levels. Dinitro- 
phenol has somewhat different effects on the other nucleotides, but since 
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dinitrophenol and triethyltin affect oxidative phosphorylation of isolated 
mitochondria in different ways (Aldridge, 1958) identical changes would not 
be expected. 

Figure 1 brings together the different types of experiments carried out on 
the intestine in vitro with triethyltin as the inhibitor. The simplest explanation 
of these results is that triethyltin inhibits respiration, causing a fall in ATP 
levels, and so inhibits glucose and water transport. 
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Fig. 1. The effect of triethyltin on glucose and water transport, oxygen consumption and ATP 
levels of iritestinal sacs incubated for 1 hr. All results are expressed as a percentage of control 
values. Serosal glucose’ transport (as measured in this preparation) is the balance between 
serosal glucose transport and serosal glucose utilization. Negative serosal glucose transport 
only occurs when serosal glucose utilization is greater than serosal glucose transport. In 
order to simplify the diagram serosal glucose utilization is taken into account in calculating 
serosal glucose transfer, thus removing the apparent negative glucose transports. Oxygen 
consumption, @—@®; serosal glucose transport, O—O; serosal water transport, ©@—®@; 
ATP levels, A—A. 


The data given in this paper suggest that the primary action of triethyltin 
on the intestine im vitro is inhibition of respiration. Aldridge (1958) demon- 
strated that triethyltin inhibits oxidative phosphorylation by rat liver mito- 
chondria, and it is likely that triethyltin is acting in this way in the intestinal 
preparation. 

The action of triethyltin is more complicated than that suggested above. 
Transport is abolished at concentrations of triethyltin which cause a fall of 
about 40%, in the ATP levels, whereas in the case of dinitrophenol ATP levels 
are reduced to about 20% of the control value before transport approaches 
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complete inhibition. The explanation of this is not certain, but it is possible 
that triethyltin, in addition to inhibiting oxidative phosphorylation, exerts 
some other action on transport. Another possibility is that in the presence 
of triethyltin some of the ATP becomes unavailable to the cells in some way. 
_ The intestine am vivo shows a greater ability to transport water and glucose 
than does the im vitro preparation, but under in vitro conditions the ATP levels 
of intestinal sacs are considerably lower. Since water and glucose transport 
are active processes, the lower ATP levels may be responsible, at least in part, 
for the reduced transport obtained under conditions in vitro. A comparison 
between the effects of triethyltin on the intestine in vitro and in vivo 
emphasizes the difficulty of interpreting the actions of toxic substances 
studied i vitro in explaining their behaviour in vivo. The two preparations are 
not completely comparable since in vivo the inhibitor concentration on the 
serosal side of the intestine (the blood) is effectively zero, while in vitro a high 
concentration of inhibitor is always present on both sides of the intestine. 
Nevertheless, the concentration of triethyltin in the intestinal wall must be 
much higher a vivo than in vitro to produce inhibition of transport. Pre- 
sumably the higher ATP levels and generally more physiological condition of 
the intestine in vivo protect it from the action of triethyltin. 


SUMMARY 


1. The effect of triethyltin sulphate on transport and metabolism by the 
small intestine of the rat has been studied in vivo and in vitro. 

2. Triethyltin over the concentration range 2x 10-* to 1x 10-*m im the 
preparation in vitro abolishes transport, inhibits respiration and reduces ATP 
levels. | 

3. A comparison between the action of dinitrophenol and triethyltin on 
intestinal function in vitro has been made. 

4. The results suggest that triethyltin exerts its action primarily as an 
inhibitor of respiration. 

5. The intestine in vitro loses ATP during a 60 min incubation period, and 
it is suggested that this may in part explain the low transport ability of 
intestine in vitro compared with the preparation in vivo. 

6. The intestine in vivo is much less sensitive to the action of triethyltin, 
emphasizing the difficulties of transferring results from the in vitro to the in 
vivo state, and suggesting that, in vivo, the intestine is able to compensate in 
some way. 

It is a pleasure to thank G. J. M. Van der Kerk for the supply of triethyltin sulphate, C. J. 
Threlfall for carrying out the adenine nucleotide estimations and R. 8. Price for valuable technical 


assistance; also W. N. Aldridge, J. M. Barnes and H. B. Stoner for their helpful criticism in the 
production of this article. 
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THE INFLUENCE OF POTASSIUM AND CHLORIDE IONS ON 
THE MEMBRANE POTENTIAL OF SINGLE MUSCLE FIBRES 


By A. L. HODGKIN anv P. HOROWICZ* 
From the Physiological Laboratory, University of Cambridge 


(Received 3 April 1959) 


The most widely accepted theory of the resting potential of muscle is that the 
electrical potential difference between the inside and outside of a muscle 
fibre arises from the concentration gradients of the potassium and chloride 
ions. If we follow Boyle & Conway (1941), the membrane is assumed to be 
permeable to K and Cl but to be impermeable or sparingly permeable to other 
ions. Since K is more concentrated inside and Cl is more concentrated outside, 
the interior of the fibre should be electrically negative to the external solution. 
If K and Cl are distributed passively, the concentration ratios and the mem- 
brane potential under equilibrium conditions ought to conform to the relation 


[K}, _ 

where [ }, and [ ], indicate concentrations outside and inside the fibre, V is 
the internal potential, F is Faraday’s constant, R is the gas constant and 7 
is the absolute temperature. When the external potassium concentration is 
less than 10 mm agreement with equation (1) is not perfect, but at higher con- 
centrations the relation seems to hold with considerable accuracy (Adrian, 
1956; Conway, 1957). However, it is only possible to calculate the membrane 
potential by equation (1) when the concentrations of K and Cl inside the fibre 
have come into equilibrium with those in the external solution. In order to 
deal with other situations one must know the relative conductances or perme- 
abilities of the two ions. Information on this point can be obtained by 
measuring the effect on membrane potential of sudden changes in the concen- 
trations of K or Cl. Such experiments are difficult to interpret unless the 
effect of changing the external solution can be determined in a time which is 
so short that there is no alteration in the internal concentration of Cl or K. 
The present observations were carried out with single muscle fibres, with an 
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apparatus in which the external solution could be changed in a fraction of a 
second. The general conclusion is that the membrane potential is affected by 
both K and Cl. Under appropriate conditions, the membrane can be made to 
behave either as a potassium electrode or as a chloride electrode, but in most 
situations both ions contribute to the potential. When a fibre is equilibrated 
in Ringer’s fluid the transport number of Cl is about 0-6, whereas that of K is 
about 0-3. 

In addition to consolidating the conventional theory of the resting potential, 
the experiments with single fibres provided some new information which cannot 
easily be fitted into a simple physical picture. These observations, which relate 
to the rapid time course of the change in potential associated with a rise or fall 
in potassium concentration, will be deferred to a later paper. It is not thought 
that. the questions raised by these results are likely to alter the main con- 
clusions of the present article. 

A preliminary account of some of the experiments described here was given 
at a meeting of the Physiological Society (Hodgkin & Horowicz, 1957). 


METHODS 
Single fibres from the semitendinosus muscles of English frogs (Rana temporaria) were used 
throughout the investigation. When the fibres were mounted in the apparatus they were stretched 
to 4/3 of their slack length. The length in the apparatus was about 16 mm and the diameters of 
the fibres varied between 70 and 170 yu. 

The main features of the recording cell are illustrated diagrammatically in Fig. 1. Single fibres 
were mounted in a channel in a Perspex cell, into which solutions of different composition could 
be introduced by a multiple tap. The tendon at one end of the fibre was gripped in a small Perspex 
clamp and the other tendon was connected to a transducer (RCA 5734). The fibre was suspended 
freely in the solution, except near the clamped end where it rested on a smooth glass pedestal 
which was thinly covered with petroleum jelly. Membrane potentials were recorded with an 
internal electrode of the Ling—Gerard type. The micro-electrode was left in position while the 
solution was changed, and alterations in membrane potential were recorded photographically on 
moving film. The micro-electrode was not left inside the fibre for more than about 2 min, and in 
measurements lasting for longer periods the potential was determined by successive impalements. 
This method required some practice and was only successful if the micro-electrode penetrated 
without appreciable dimpling. In the best experiments the fibre retained its excitability and 
remained free from opacities for many hours. However, as a rule it was not possible to make more 
than about ten successive impalements in any one fibre. 

In the majority of experiments membrane potentials were recorded between an external micro- 
electrode which was always kept in the external solution and an internal micro-electrode which 
was periodically lowered into the fibre. Both electrodes were filled with 3m-KCl and had tip 
potentials of less than 5 mV (Adrian, 1956). The resistance of the internal electrode was 5-10 MOQ 
while that of the external electrode was 2-10 MQ. 

When potential differences were recorded between two micro-electrodes of low tip potential 
there was usually no need to correct for liquid junction potentials between the different test 
solutions. This was established by the following tests which were carried out in all experiments 
with solutions which give different junction potentials. (1) Both micro-electrodes were in the 
external solution and the potential difference between them was recorded photographically while 
the solutions used in the experiment were run through the cell. If both micro-electrodes were 
unaffected by junction potentials no change in potential occurred. There would also have been 
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no change if both electrodes had been affected by the junction potential to the same extent; this 
possibility was eliminated by the second and third tests. (2) The test was repeated with the 
potential difference recorded between the external micro-electrode and an agar-Ringer electrode. 
If the external micro-electrode was satisfactory, the standard junction potential was observed 
when the solution was changed: by standard junction potential is meant the junction potential 
expected if the micro-electrode were acting like a saturated KCl bridge. (3) This was a similar 
test to (2) but using the internal electrode and the agar-Ringer electrode; it did not give any 


Internal xternal 
electrode electrode 


Perspex 
Agar RCA 5734’ 
cove 
Glass Platinum \ Perspex 
‘ 
P ng Silver wire 
erie bre loop tied 
to tendon 


Inlets for solutions 
Fig. 1. Diagram of measuring cell. The multiple tap had six inlets, of which only two are shown. 
There were also six outlets, one to the cell and five to the ‘waste’. The lines containing 
solutions were clamped when not in use but were always flushed into the ‘ waste’ before being 
connected to the cell. Silver wires in the electrodes are not shown. The twisted end of the 
silver wire loop was bound to the tendon with a strand of silk thread which is not shown in 
the drawing. The drawing is approximately to scale, the length of the fibre being 1-6 cm. 


new information but was a check of the first two tests. In the great majority of cases these tests 
showed that both electrodes were recording with negligible effects from junction potentials; 
corrections were made in a few cases in which the external electrode was found to be affected by 
the junction potential. When working with solutions which did not give appreciable junction 
potentials (e.g. solutions A, B and C in Table 1) it was sometimes convenient to use the agar- 
Ringer electrode instead of an external micro-electrode. 


Solutions 

Ringer’s fluid. This was the same as that used by Adrian (1956) ; its composition is given opposite 
A in Table 1. The chloride concentration was 121-1 mm but in all subsequent tables a rounded 
figure of 120 mm has been employed. 

Ringer’s fluid with K replacing Na. An example is given opposite B in Table 1. 

K-free Ringer's fluid; see solution C, Table 1. 
- Na-free solutions containing Cl. These are not listed in Table 1 but were similar to solutions A, 
B or C with choline replacing Na on a mole-for-mole basis. 

Isotonic sulphate solutions with the same ionic strength as Ringer's flusd. Cl-free isotonic solutions, 


with K varying between 0 and 80 mm, were made by mixing solutions D and £ in appropriate 
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proportions; since both these solutions were made up with concentrations calculated to give the 
same ionic strength as Ringer’s fluid, there was no need to correct for changes in activity coefficien: . 

In order to make one litre of the solution D or 2, 797 ml. of 10 mm-CaSO, was added to 203 mi. 
of the remaining ingredients, i.e. 80 ml. 0-5m-Na, or K,SO,, 10 ml. 0-15m-Na phosphate buffer and 
113 ml. 1m sucrose. The resulting concentration of 8 mm-Ca was chosen because it was the highes: 
which could conveniently be got into solution. If the dissociation constant of CaSQ, is taken as 
5-3 x 10-* mole/l. (Brink, 1954) the concentration of ionized calcium is found to be 1 mm instead 
of 1-8 mm in Ringer’s fluid. 

We are indebted to Professor A. V. Hill for suggesting that CaSO, should be added to sulphate 
solutions (see Hill & Howarth, 1957). 


Taste 1. Composition of solutions 


Sucrose Relative 
K+ Cr Na+ Ca*% H,PO, SO} (m-mole/l. Relative ionic 

Ref. <————————_(mg ion/1. solution) > solution) tonicity strength 
A 25 121 120 18 215 O85 — —— 10 1-0 
B 0 121 112-5 18 215 085 — —- 10 1-0 
C 0 121 122-5 1-8 215 085 — ~- 10 1-0 
83 8 108 043 48 113 1-0 10 
E 80 0 3 8 108 043 £48 113 1-0 10 
F 10 30 83 6-5 135 O84 36 85 10 1-0 
G- 25 23 90 6-5 135 054 36 85 10 10 
H 190 0 3 9 108 043 104 — 1-0 2-3 
I 25 214 2125 18 215 086 — -- 1-75 1-7 
J 95 120 1-8 2-73 0-85 1-75 1-7 
K 9% 0 98 6-3 108 043 101 168 1-75 2-3 


A is Ringer’s fluid. B—G@ are solutions of the same tonicity and ionic strength as A but with 
different [K] and [Cl]. H is an isotonic solution with high [K] and increased ionic strength. /—K are 
hypertonic solutions. In estimating tonicities and ionic strengths CaSO, was regarded as mainly 
on 


Isotonic potassium sulphate without sucrose. The composition of this solution is given against H. 
The potassium concentration was 190 mm, but since the ionic strength was greater than that in 
Ringer’s fluid a correction must be made for the change in ionic strength. From the Debye— 
Hiickel theory and tables of mean activity coefficients (Taylor, 1931), it is estimated that the 
activity coefficient of K in this solution was 0-87 times that in Ringer’s fluid. A corrected con- 
centration of 0-87 x 190 = 165 mm has been used in Table 2 and Fig. 4. 

Solutions with constant [K] [Cl] product. Since Ringer’s fluid contains 2-5 mm-K and 120 mm-Ci 
the [K] (Cl) product is 300 (mm)*. In order to make up solutions with different K or Cl concen- 
trations but with the same product, we mixed appropriate proportions of solutions C, D and Lb 
(Table 1). Thus to make solution F (10 mm-K 30 mm-Cl), one must take 25 parts C’, 12-5 parts E 
and 62-5 parts D. Since each of the master solutions, C, D or Z was isotonic with Ringer’s fluid 
and had the same ionic strength as Ringer’s fluid the resulting solution should be isotonic and 
should also have the same ionic strength as Ringer’s fluid. There is therefore no need to correct 
for changes in activity coefficient. Solutions. made up in this way had potassium concentrations of 
5, 10, 30 or 75 mm and chloride concentrations of 60, 30, 10 or 4 mm. In order to extend the range, 
a solution containing 190 mm-K and 2-5 mm-Cl was made from solution H. After correcting for 
the change in activity coefficient the effective concentrations at the same ionic strength as Ringer's 
fluid were taken as 165 mm-K and 2-2 mm-Cl. The nominal [K] [Cl] product is 360 instead of 300) 
but the chloride concentration is so low that the precise value is unimportant. 

Solutions of constant [K] [Cl] product without sulphate were made by replacing some of the 


- NaCl in Ringer’s fluid with an osmotically equivalent quantity of sucrose and adjusting the 


and Cl concentrations to allow for change in ionic strength. The disadvantages of this method are 
that [K] cannot be made greater than [Cl] and that solutions of low ionic strength may have 
deleterious effects on muscle. 


t 
| 
| 
4 % 


EFFECT OF K AND Cl ON MEMBRANE POTENTIAL 131 


Solutions with normal [K), and reduced [Ci},. These were made in the same way as the solutions 
with constant [K] [Cl] product; an example of one of the solutions most often used is given 
opposite G in Table 1. 

Hypertonic solutions. Solutions I and J in Table 1 were made by adding NaCl or KCl to Ringer’s 
fluid; solution K is a chloride-free solution with the same osmotic pressure and potassium con- 
centration as J. 

RESULTS 


Variations of [K], and [Cl], at constant product 
According to the theory of Boyle & Conway (1941) there should be no move- 
ment of KCl across the fibre membrane if [K], and [Cl], are varied in a manner 
such that the product [K], [Cl], is kept constant. Under these conditions the 
membrane potential should respond rapidly and reversibly to alterations in 
the K and Cl concentrations and its absolute value should be the same as the 
equilibrium potentials of the potassium and chloride ions, i.e. 
RT, [K), 
(2) 
RT , [Cl], 
Va = In (Ch, 


The record in Fig. 2 illustrates the effect of substituting a solution con- 
taining 10 mm-K 30 mm-Cl for Ringer’s fluid (2-5 mm-K 120 mm-Cl). The 
potential takes up its new value in about 3 sec and the change in potential, 
which is reversible, is within 1 mV of that predicted by eqn. 1, 35 mV. There 
was no change in potential at b and d, when the cell was flushed with the 
solution already in the cell. This shows that the solution was adequately 
changed in one flush and that there was no flow artifact. — 


(3) 


5 mM-K 125 mM- 
mM-C1} 30 mM-Cl 120 m™-Cl 
0 lab d 0 
sec 


Fig. 2. Record illustrating the effect on membrane potential of a short application of 10 mm-K 
30 mm-Cltoa fibre equilibrated in Ringer’s fluid containing 2-5 mm-K 120 ma-Cl. Thesolutions, 
whose composition is given under A and F, Table 1, were isotonic and had the same ionic 
strength. At a Ringer's fluid was changed for the test solution, at b the test solution was 
flushed through a second time, at ¢ Ringer’s fluid was restored and at d it was flushed through 
a second time. In each case 2-3 ml. was flushed through the cell at about 2 ml./sec. The 
horizontal lines below the letters a~d mark the periods when solution was flowing through 
the cell. These lines were derived from the transducer output which was also recorded photo- 
graphically but is not shown here. The scale gives the internal potential. There was no change 
in potential when both electrodes were outside the fibre. Temperature, 20°C; fibre #; 


diameter 145 yu. 9.2 
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Figure 3 gives the time course of the membrane potential during the experi- 
ment. Although there was some random variation between successive impale- 
ments, the membrane potential was established in a rapid and reversible 
manner and there was no drift or hysteresis of the type encountered when K 
was changed at constant [Cl],. The reversible nature of the changes is shown 
more clearly by Fig. 4 in which average potentials are plotted against log[K), 
or —log[{Cl],,. The crosses give the potentials after equilibrating in each solution 
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Fig. 3. Effect on membrane potential of solutions with a [K] [Cl] product of 300 (mm)*. The 
concentrations of K and Cl were: 


(mm) (mm) 
a 2-5 120 
b 10 30 
Cc 30 10 
d 75 4 
é 190 2-5 


Solutions a-d had the same ionic strength as Ringer’s fluid; the activity coefficient of K and 
Cl in solution ¢ was estimated as 0-87 times that in Ringer's fluid. The continuous lines were 
drawn from photographic records with the micro-electrode in position. Broken lines were 
drawn at the average potential produced by each solution in this experiment. The fibre was 
impaled at different spots, roughly 50, apart. A contracture lasting 10 sec occurred at 25 min 
when solution d was applied ; the micro-electrode had not been inserted because a contracture 
was expected, Fibre ¢, as in Fig. 2. 
for about 10 min; the other symbols give the potentials established 20-30 sec 
after a sudden increase or decrease in potassium concentration. The straight 
line represents the equation for a potassium or chloride electrode. The value of 
140 mm for the internal potassium concentration agrees with the figure of 
139 + 2 m-mole/kg fibre water, given by Adrian (1956) for the potassium con- 
centration in the sartorius muscle and with the value of 139+7 m-mole/kg 
fibre water obtained on fresh single fibres from the semitendinosus muscle 
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(Hodgkin & Horowicz, 1959). The membrane potential is close to the theo- 
retical line for [K], > 10 mm but deviates slightly at lower concentrations: 
possible reasons are considered in the next section. 

In order to check that sulphate was acting as an impermeable ion, tests were 
also made with solutions in which there was no sulphate, and sodium chloride 
was replaced by an osmotically equivalent quantity of sucrose. The results, 
which are given in rows 10 and 15 of Table 2, agreed well with the Donnan 
theory. 

+10 


Internal potential (mV) 
=) 


~80+ 
90 = 
4-100 
~110 4 
25 5 10 30 m™-K 
120 60 30 10 4 mm™-Cl 


Fig. 4. Relation between membrane potential and log[K], or - log[Cl],, when using solutions with 
[K], [Cl], = 300 mm*®. Average data from two experiments, of which part of one is given in 
Fig. 3. Crosses are potentials measured after equilibrating for 10-60 min; circles are potentials 
measured 20-60 sec after a sudden change in concentration, —O after increase in [K], , O— after 
decrease in [K],. A correction for the change in activity coefficient has been made in plotting 
the right-hand point on the potassium scale; concentrations in this solution were 190 mm-K 
and 2-5 mm-Cl, the correction factor was 0-87. 


One test was also made on a fibre which had been equilibrated with a solu- 
tion containing 60 mm-K and 30 ma-Cl ([K], [Cl], = 1500); the results, which 
are given in Fig. 12, were also in good agreement with theory. 

The action of solutions of constant K, Cl product on the membrane potential 
of the cat’s gracilis muscle has recently been described by Pillat, Kraupp, 
Giebisch & Stormann (1958). These workers found a linear relation between 
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membrane potential and log[K], (or log(Cl],) with a slope of 56 mV for a ten- 

fold change. Our results are clearly in good agreement with theirs and both 

are consistent with a Donnan theory of the type described by Boyle & Conway 
1941). 

sete Variation of [K], in the absence of [Cl], 

The effect of potassium on membrane potential can be studied most simply 
in the absence of chloride. This was done by Adrian (1956) who varied the 
potassium concentration between 10 and 190 mm. Adrian did not use lower 
concentrations because he found that muscles twitched spontaneously in 
sulphate solutions containing less than 10 mm-K. The object of the experi- 
ments described in this section was to see whether the membrane potential 
varied rapidly and reversibly with [K], in the absence of Cl and, if possible, 
to extend the measurements to potassium concentration below 10 mm. The 
solutions, which were made by mixing solutions D and E (Table 1), contained 
more Ca and less 80, than those employed by Adrian; the ionic strength was 
the same as that of Ringer’s fluid. 

When a Cl-free solution containing 2-5 mm-K was first applied, the resting 
potential decreased by 30-40 mV and the fibre often twitched spontaneously. 
This depolarization was transient and after some time the resting potential 
in 2-5 mm-K sulphate was close to that in Ringer’s fluid. An interval of 1 hr 
was usually allowed for equilibration, but this may be unnecessarily long. The 
fibres were electrically excitable and gave propagated action potentials and 
twitches. Later on it will be shown that the transient depolarization was 
probably caused by the fall in the e.m.f. of the chloride concentration cell, and 
that as chloride diffused from the fibre it ceased to affect the membrane 
potential, which then returned to the value determined by the potassium 
‘concentration. 

Figure 5 illustrates the effect of [K], on membrane potential in the absence 
of Cl; crosses are equilibrated values and circles are values established 20-60 
sec after a sudden rise or fall of [K],. The range was extended beyond 80 mm-K 
by using an isotonic solution containing 190 mm-K (solution H, Table 1); the 
activity of potassium in this solution is estimated as 165 xy, mM, where yp is 
the activity coefficient of potassium in Ringer’s fluid. The potassium con- 
centrations in the other solutions need no correction, since the ionic strength 
of the solutions was approximately the same as that in Ringer’s fluid. 

The membrane potential was established fairly rapidly (5-60 sec) and there 
was no slow drift or hysteresis of the kind associated with chloride movements. 
The potential varied between +2mV in high K and about —120 mV in 
0-5 mm-K. Reducing [K], from 0-5 mm to zero caused the resting potential to 
fall by several millivolts; other examples of this type of behaviour are dis- 
cussed on p. 147. 


At high potassium concentrations the results agreed well with the Nernst 


= 
ii 
rd 
r 
| 
j 
i, 
‘ is 
is 
| 
) 
} 
| 


EFFECT OF K AND Cl ON MEMBRANE POTENTIAL 135 


equation for a potassium electrode, as shown previously by Adrian (1956). The 
straight line in Fig. 5 is drawn from this equation at the same internal 
potassium concentration as in Fig. 4. 


+10 
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Internal potential (mV) 
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Fig. 5. Relation between membrane potential and log[K] when using chloride-free sulphate solu- 
tions containing 8 mm-CaSO,. Crosses are potentials d after equilibrating for 10-60 min ; 
circles are potentials measured 20-60 sec after a sudden change in concentration, —O after 
increase in [K],, O-— after decrease in [K],. With the exception of the right-hand point, all 
solutions were of the same ionic strength as Ringer’s fluid and had concentrations inter- 
mediate between D and E of Table 1. The right-hand point was obtained with solution H and 
the potassium.concentration has been corrected on the graph for the difference in ionic 
strength. Semi-log. scale; average data on seven fibres. 


Between 10 and 0-5 mm the resting potential deviated from the line for a 
potassium electrode, the slope at 2-5 mm-K being about 40 mV. In this region 
the deviation is of the kind expected from a very slight permeability to some 
other ion, for example sodium. For concentrations greater than 1 mm the 
points are reasonably well fitted by a curve drawn according to the equation 


where « has the value of 0-01. Since [K], is much greater than [Na],, «[Na],. 


may be neglected. 
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An equation of this kind can be derived in various ways; for example, by 
the constant field theory of Goldman (1943). However, the relation is more 
general than the constant field theory because it follows from the initial 
postulate of Goldman’s theory and does not require the somewhat arbitrary 
restriction of a constant field. If the definitions adopted by Hodgkin & Katz 
(1949) are employed, the constant « is equal to the permeability ratio Py, /P x. 

Although the membrane potential in Cl-free solutions changed with [K], 
in a reversible manner, the rate of repolarization when high K was removed 
was very much slower than the rate of depolarization when high K was applied. 
On the relatively slow time scale used in the present paper these changes may 
be regarded as instantaneous, but it will be shown in a subsequent article that 
the repolarization when high K is removed is too slow to be explained in terms 
of a straight-forward diffusion delay. : 


Membrane potentials in the steady state in different solutions 
During the course of the experiments we accumulated many results on 
fibres which had been equilibrated in solutions of widely different composition ; 


TaBLe 2. Membrane potentials after equilibration in different solutions 


Membrane 
K+ Cl Na+ Choline+t SO} Sucrose potential Verena Va No. of 
Row < ——(mM) + {mV) + fibres 
1 0-5 0 82 — 48 113 -109to -118 -117 — 142 l 
2 0-5 120 122 — -113 142 l 
3 1-0 0 82 — 48 113 -103 to -113 -109 — 124 3 
4 10 120 5 117 —_ — -112 — 123 ~124 1 
5 2-5 0 80 48 113 944130 — 04 -101 8 
6 25 120 120 — 9440-5 91 -101 16 
7 2-5 120 5 115 — — -100+41-4 ~101 -101 ll 
ll 10 0 7 —_ 48 113 — 6840-9 — 65 - 66 5 
12 10 120 118 64408 64 — 66 8 
13 «=«(10 120 5 108 — — - 6ltc- 63 - 66 — 66 2 
14 10 30 36 85 6242 65 66 2 
15 10 30 22 171 6lto - 68 66 - 66 
17 4 6 46 109 1641-4 16 16 2 
18. 80 6 3 -- 48 113 - 1540-5 - l4 - 14 5 
19 165 0 3 — 101 — + ito+ 2 + 4 + 4 2 
20 165 2 3 — 101 — + lto+ 4 + 4 + 4 2 
22 95 214 #120 21403 - 23 - 23 7 


Rows 1 to 20 were obtained with solutions isotonic with Ringer’s fluid, 21 and 22 with hyper- 
tonic solutions. The ionic strength was the same as in Ringer’s fluid except in 10, 15, 19-22. 
Concentrations of K and Cl have been corrected for changes in activity coefficient in 10, 15, 19 
and 20 but not in 21 and 22 since here the internal ionic strength is also increased. V, is calculated 
from eqn. 2, Vg,ax, from eqn. 4 using « = 0-01. [K], is taken as 140 mm except in rows 21 and 22 
where it is 235 mm. Between 2 and 6 observations were usually made on each fibre. Means and 
8.£. are given ee Concentrations of Ca and phosphate 
are given in Table 1. 
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these are summarized in Table 2. Except in the last pair of measurements, 
fibres were equilibrated in solutions in which the internal potassium con- 
centrations should remain close to its resting value of 140 mm (see Boyle & 
Conway, 1941; Adrian, 1956). The table shows that the membrane potential 
is the same in a solution containing a given amount of K and 120 mm-Cl as it 
is in the corresponding solution containing the same amount of K and zero Cl. 
The inference is either (i) that Cl- does not contribute to the membrane current, 
which is unlikely since it is known to penetrate the fibre and since changes in 
Cl do in fact produce transient electrical changes or (ii) that chloride is dis- 
tributed passively according to eqn. 1. 

As may be seen from Table 2, the membrane potential agreed with that for 
a potassium electrode if [K], > 10 mm or with eqn. 4 if [K], > 1 mm. 

In the last pair of measurements the tonicity of the external solution was 
increased 1-75 times by adding 93 mm-KCl, or an osmotically equivalent 
quantity of sucrose. According to the well-tried theory of Boyle & Conway, 
the internal potassium concentration should increase by 90-100 m-mole/kg 
H,O under these conditions; a value of [K], = 235 m-mole/kg H,O has there- 
fore been employed. Potentials calculated on this basis agree with those 
found experimentally. 


Variation of [Cl], at constant [K],: experiments in the 
physiological range 

Figure 6 illustrates the effect of suddenly reducing the concentration of 
chloride on the membrane potential of a fibre equilibrated in Ringer’s fluid. 
The test solution (G, Table 1) contained sulphate and had the same osmotic 
pressure, ionic strength and potassium concentration as Ringer’s fluid. When 
this solution was applied the resting potential fell from its resting value of 
—98-5 mV to —77mV. However, this depolarization was not maintained 
and the potential drifted back to its original level with a time constant of 
about 4min. On restoring Ringer’s fluid the membrane potential first in- 
creased by 12 mV and then drifted back to its original value. Similar results 
were obtained in experiments in which chloride was reduced by replacing NaCl 
with an osmotically equivalent quantity of sucrose. 

The transient effects in Fig. 6 are of the kind expected in a system in which 
the membrane is permeable to both K and Cl. Initially the e.m.f. of the 
chloride concentration cell should be equal to the resting potential; from 
eqn. 1 this requires that [Cl], be 2-4 mm. On reducing the external chloride 
concentration from 120 to 30 mm the e.m.f. of the chloride concentration cell 
alters by 35 mV and V,, changes from —98-5 to —63-5 mV; the potassium 
equilibrium potential remains unchanged. The result of the reduction in [Cl], 
is that the fibre is depolarized to a potential between Vx and Vq at which 
K+ and Cl- leave the fibre at the same rate. Loss of KCl continues until the 
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[K],{Cl], product is reduced to one-fourth of its original value; at the same 
time water leaves the fibre in order to preserve osmotic equilibrium. From the 
theory of Boyle & Conway (1941) it can be shown that re-establishment of 
equilibrium involves loss of KCl and water in amounts such that [Cl], is 
reduced to almost exactly 0-6 mm and [K], is virtually unchanged; the final 
membrane potentials should therefore be the same in the two solutions. The 
transient hyperpolarization on returning to Ringer’s fluid is explained in the 
same way. When Ringer’s fluid is first applied [Cl]; is 0-6 m-mole/kg H,0, so 
that V,, is about —134 mV as against about — 100 mV for Vg. The membrane 
potential takes up an intermediate value—about —112 mV—at which the 


120 mM 120 mM | 


Internal potential (mV) 
8 


0 5 10 15 20 25 30 


Minutes 

Fig. 6. Effect of sudden reduction in [Cl], on membrane potential. The solutions were Ringer’s 
fluid (A, Table 1) and an isotonic solution of the same ionic strength with reduced Cl (@, 
Table 1). The micro-electrode was kept in the fibre from -0-5 to 2 min and from 16 to 19 min; 
it was also inserted for about 0-3 min at 6 and 28 min. Control flushes with the solution 
already in the cell were made between the first and second points and between the two points 
immediately after the change at 17 min; these had no effect on the membrane potential. 
Fibre r, diameter 111 y, 23° C. 


TaBLEe 3. Instantaneous effect of [Cl], on fibres equilibrated in Ringer’s fluid 
(2:5 mm-K 120 mm-Cl) 


Internal potential (mV) 
[Cl], 


(mM) (mm) i rs Mean 
2-5 120 92-1 — 93-4 — 94-2 94-5 
2-5 60 — 80-0 — 85-1 — 84:1] — 83-0 
2-5 30 — 64:5 76-4 — 75-2 -77 72-0 


Data from four runs on two fibres. Other experiments with slightly different solutions gave 
similar results but have been excluded for simplicity. In fibre r solutions with SO, of same ionic 
strength as Ringer’s fluid were employed; in fibre i isotonicity was preserved with sucrose alone 
and concentrations have been corrected for the change in ionic strength. Fibres referred to 


specifically in this paper are denoted by letters; references such as r, or r, are used when there arc 
several sets of measurements on one fibre. 
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rates of entry of K and Cl are equal. Entry of Cl then brings [Cl], back to its 


normal value and the fibre is once more in equilibrium. 

Chloride conductances and permeabilities can be calculated from the tran- 
sient changes in Fig. 6 by the methods discussed on p. 150. For this particular 
experiment the chloride conductances found for the transient change on 
reducing Cl was 130umho/cm? and that for the change on returning to Ringer's 
fluid was 90umho/cm?. 

The data in Tables 3 and 6 summarize the instantaneous effect of changing 
[Cl], on membrane potential in the physiological region. The average value of 

[Cl] 2-5mu—K 


Giebisch, Kraupp, Pillat & Stormann (1957) studied the effect on the membrane potential of the 
cat’s gracilis muscle of replacing part of the external NaCl with Na,SO, or sucrose. In the former 
case they found a large depolarization, lasting about an hour, which they attributed to an effect 
of sulphate on sodium permeability (CaSO, was not added); in the latter, a small, maintained 
depolarization, which they explained in terms of the Donnan theory. A transient depolarization 
was not seen with sucrose but the measurements may not have been made sufficiently rapidly for 
this to appear. 


Variation of [K], at constant [Cl],: experiments in the physiological region 

Figure 7 illustrates the effect of raising [K], at constant [Cl],. The test 
solution contained 10 mm-K and 120 mm-Cl, instead of 2-5 mm-K and 
120 mm-Cl as in Ringer’s fluid. In a, 10 mm-K was applied for 8 sec, the 
resting potential fell from —94 to —73 mV and returned to —93 mV when 
2-5 mm-K was restored; the half-times of these changes were 0-35 and 1-0 sec. 
In b the same solution was applied for 60 sec. The potential fell from —93 mV 
to —71 mV and returned to —87 mV. Curvec, which was obtained on another 
fibre, shows the effect of a long exposure. When 10 mm-K was first applied the 
internal potential changed rapidly from —94 to —73 mV and then drifted 
slowly to its equilibrium value of —65 mV. On restoring 2-5 mm-K, the initial 
repolarization was only about 3 mV and it took about 40 min to restore a 
resting potential of —90 mV. The asymmetry between the on- and off-effects 
of 10 mm-K was independent of the order in which the measurements were 
made. This was shown by experiments in which the fibre was first equili- 
brated in 10 mm-K 120 m-Cl, then transferred to 2-5 mm-K 120 mm-Cl and 
finally returned to 10 mm-K 120 mm-Cl. The results were similar to those in 
Vig. 7¢ except that the order of the curves was reversed. An asymmetry of the 
kind shown in Fig. 7 has been seen in experiments with whole muscle by Sandow 
‘: Mandel (1951) and Csapo & Wilkie (1956). 

The family of curves in Fig. 8 illustrates the instantaneous relation between 
(K], and membrane potential for fibres equilibrated in solutions of different 
‘K][Cl] product. It will be seen that a rise of [K], above the level used to 
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equilibrate gives a relatively large depolarization, whereas a fall of [K], gives 
only a small hyperpolarization. A similar family of curves was obtained in 
solutions containing choline instead of Na+. When [K], was reduced far below 
the level used to equilibrate, the resting potential did not reach a constant 
limiting value, as it seems to do in nerve, but passed through a flat maximum. 
For fibres equilibrated in Ringer’s fluid the maximum potential was established 
between 0-5 and 1-0 mm-K and the resting potential was 3 mV less in 0 mu-K 
than in 0-5 mm-K. An exaggerated example of this type of behaviour is dis- 
cussed on p. 147. 


0 100 0 9 0 2 sg 60 70 80 90 100 110 120 


Fig. 7. Effect on membrane potential of changing [K], from 2-5 to 10 mm at constant Cl. ©, 
observations with 2-5 mm-K, @, observations with 10 mm-K; the two solutions were A 
(Ringer’s fluid) and B of Table 1. Results a and 6 were obtained on fibre | diameter 119 » and 
c on fibre m, diameter 1731. In a and b the micro-electrode was left inside the fibre; in c it 
was inserted for about 0-5 min at a time. Temperature 20°C. Some time after the last 
observation in c the region of the fibre which had been impaled became opaque and the resting 
potential underwent a gradual decline. 

The effects illustrated by Figs. 7 and 8 can be explained by assuming that 
(1) both K+ and Cl- cross the membrane and that at equilibrium the distri- 
butions of these ions conforms with the Donnan principle; and (2) the potassium 
system can pass a large current in high K if the driving force is inward 
(V < V,) but only a small current if the driving force is outward (V > V,). 
The second assumption agrees with the observation of Katz (1949) who showed 
that muscles in isotonic potassium sulphate solution have a low membrane 
resistance for inward current but a high resistance for outward current. On 
this basis the effect of raising K at constant Cl (Fig. 7) can be explained in the 
following way. When [K], is changed from 2-5 to 10 ma, V, alters by 35 mV; 
this causes inward current to flow through the potassium channel and V 
approaches V,. The membrane potential is now between V, and V,, so that 
KCI (and water) enter the fibre until equilibrium is established with 


— 65 mV. 
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On returning to 2-5 mmu-K, V, at once reverts to its original value of about 
100 mV. Since the potassium current is outward the potassium resistance is 
high, so that the fibre at first repolarizes by only 2 or 3mV. However, the 
existence of this small change means that the fibre is no longer in equilibrium 


with respect to chloride ions and KCl slowly leaves the fibre until the original 
equilibrium is restored. 


0 ee: 2 5 10 2 50 100 200 
Potassium concentration (mm) 

Fig. 8. Instantaneous effect of varying [K], at constant [Cl], on membrane potential of fibres 

equilibrated in A, 0-5 mmu-K 120 mm-Cl; B, 2-5 mm-K 120 mm-Cl (Ringer’s fluid); C, 10 mu-K 

120 mau-Cl; D, 95 mm-K 214 mm-Cl. The arrows show the potassium concentration at which 

the fibre was equilibrated. The shape of curve D is doubtful. Curve A, fibre b; curve B, mean 

from four fibres; curve C, mean from three fibres; curve D, fibre p. In A, B and C, [Na], + 
(K], = 122-5 ma; in D, [Na], +[K], = 215 mm. Semi-log. scale. 


Variations of [K],, or [Cl], ; fibres equilibrated in solutions of 
high [Cl] product 
The internal potential of fibres equilibrated in a solution containing 


95 mm-K 214 mm-Cl was —20-6+0-3 mV (mean and s.z., 11 observations). 
When [K], was increased at constant [Cl], to 210 mm the fibre was depolarized 
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to —11 mV, but if [K], was reduced to 2-5 mm the change in potential was less 
than 0-5 mV (Fig. 8, top curve). Since there was no sudden change in potential 
on reducing [K], to 2-5 mm and since the internal chloride concentration was 
probably about 90 mm, one would expect any recovery of resting potential to 
be exceedingly slow. This is one of the points illustrated by Fig. 9. It will be 
shown presently that failure to repolarize is not the result of irreversible 
damage, since a normal resting potential can be restored if the internal 
chloride is first lowered by immersing the fibre in a chloride-deficient solution . 

According to the hypothesis outlined on p. 140, the insensitivity to a reduc- 
tion of [K], is caused by the rise in internal chloride concentration and by 
rectification in the potassium channel. If the argument is correct, the mem- 
brane should become sensitive to a reduction of [CI], as it loses its ability to 
repolarize in low [K],. Figure 9 shows that the ability to repolarize in 2-5 mm- 
K disappeared during the first 50 min of the immersion in the solution of high 
K, Cl product. Figure 10, which was obtained on another fibre, shows that 


_ during this period the fibre became sensitive to a reduction of [Cl],. When the 


fibre had reached equilibrium in 95 mm-K 214 mm Cl, reducing the chloride 
concentration to 3-6 mm made the internal potential swing to +64 mV. In 
common with other changes produced by Cl this effect was transient, and after 
about 1 hr the potential returned to the potassium equilibrium potential of 
—20mV. On replacing Ringer’s fluid a resting potential of —88 mV was 
obtained. Recovery was less complete in the experiment of Fig. 9 but this 
may have been the result of injury in the impaled region. Some fibres gave 
propagated twitches at the end of the experiment, others which showed signs 
of damage in the impaled region did not. Considering the drastic treatment 
and the number of impalements, we regard the recovery in Fig. 10 as satis- 
factory evidence that the internal chloride concentration can be raised to a 
high level without causing gross, irreversible damage to the membrane. 

Table 4 and curve A in Fig. 11 give the relation between [Cl], and internal 
potential on fibres which have been equilibrated in 95 mm-K 214 mm-Cl. 
With chloride concentrations down to 30 mm, the membrane behaved like a 
chloride electrode, the slope for a tenfold change of chloride concentration 
being 56 mV (55 mV for a tenfold change of activity). Asa corollary, it was 
found that the potential was little affected by changing from K to Na at a 
fixed chloride concentration (Table 4, fibre /). 

The curve drawn through the points in Fig. 11 (curve A) has a slope of about 
45 mV between 214 and 107 mm-Cl and 65 mV between 107 and 30 mm-Cl. 
This is probably not the result of experimental error, since a curve of this 
shape is explained by a decrease of potassium permeability as the internal 
potential becomes more positive. With 2-5 mm-K instead of 95 mm-K, the 
relation between V and log Cl should, and probably does, approximate more 
closely to that of a perfect chloride electrode (Table 4, fibre f2). 
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Fig. 9. Effect of large changes in [K], and [Cl], on membrane potential. The tonicity of the three 
solutions used was 1-75 times that of Ringer’s fluid. ©, 2-5 mm-K 214 mm-Cl; @, 95 mmu-K 
214 mm-Cl; x, 95 mm-K 3-6 mm-Cl. Fibre j; diameter 132, temperature 20° C. 
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Fig. 10. Effect of large changes in (K], and [Cl], on membrane potential. All the observations 
except the final measurement in Ringer’s fluid (2-5 mm-K 120 ma-Cl) were made with solutions 
isotonic with 2-5 mm-K 214 ma-Cl. Fibre e, 1334, temperature 21° C. The main point illu- 
strated by the figure is that as the fibre became loaded with chloride in 95 mm-K 214 ma-Cl 
the internal potential in 95 mm-K 3-6 mm-Cl changed from —21 mV to +63 mV; on leaving 
the fibre in the latter solution the potential eventually returned to - 21 mV and the fibre 
then repolarized to -88 mV in Ringer's fluid (2-5 mm-K 120 mm-Cl). 
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Tasxe 4. Instantaneous effect of [Cl], on fibres equilibrated in 95 mm-K 214 mm-Cl 
Internal potential (mV) 


(mm) es ge bh fs Pos q Mean 
214-209 -200 -19-2 -19 -185 -223 -20-2 -20-2 -20-4 ~ 20-3 ( 20-5) 


107 — -—-47 — — - 17 - 86 67 - 31 
30 — +275 — — +202 +273 +276 +280 4273 +29-0 
36 +623 +626 +73 +74 — +653 +82-0 
— — — +714 +87-0 
0 — — — +845 +0 


All the test solutions were isotonic with the solution used for equilibration (95 mm-K 214 
mmM-Cl). In f, the test solutions contained 2-5 mm-K and 212-5 mm-Na; in the other experiments 
they contained 95 mm-K and 120 mm-Na. f, is excluded from the mean. V,,,. is 58 log 95/[Cl}, . 
The figure of 95 is the value of [Cl], which gives a potential of —- 20-5 mV in row 1; it is also the 
value predicted by the Donnan theory if the indiffusible ‘anions’ are monovalent (see Boyle & 
Conway, 1941). 
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Fig. 11. Instantaneous relation between [Cl], and membrane potential using fibres equilibrated in 
A, 95 mm-K 214 mm-Cl; B, 2-5 mm-K 120 mm-Cl (Ringer’s fluid). A, data from Table 4, all 
solutions contained 95 mm-K and were isotonic with 95 mm-K 214 mm-Cl. B, data from 
Table 3, excluding the last set of measurements which are incomplete; all solutions contained 
2-5 mm-K and were isotonic with sapein fluid. Semi-log. scale. 
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At chloride concentrations below about 30 mm the curve flattens, reaching 
a limiting value of about +80 mV in chloride-free solutions. This high value 
was not maintained for more than a few seconds and it seems possible that the 
maximum internal potential was limited by a break-down of the membrane. 
However, this was not the only explanation of the flattening, since a departure 
from V,, at low [Cl], was also seen at smaller potentials when the fibre had 
been equilibrated with solutions which raised the internal chloride to a less 
extent. Other explanations are that the permeability to potassium is not 
completely shut off or that the permeability to sulphate may not be zero. In 
terms of the constant field theory (Goldman, 1943), the permeability ratios 
Px/Pq, or Pgo,/Po, need to be about 0-01 in order to explain the departure 
from the Nernst relation at low [Cl], . 


Effect of alterations in the internal chloride concentration on the membrane 
potential ; fibres equilibrated in 95 mm-K, 214 mm-Cl 

Using sartorius muscles in Cl-free sulphate, Adrian (1956) showed that an 
increase of external osmotic pressure at constant [K], made the inside of the 
fibre more negative by about the amount calculated from the increase in the 
internal potassium concentration. When a muscle fibre is in a condition where 
the membrane potential is dominated by Cl-, rather than by K+ as in Adrian’s 
experiments, an increase in osmotic pressure ought to have the opposite effect. 


Tasie 5. Effect of changing tonicity on membrane potential of fibres loaded with Cl 


[Ct Internal potential 
[K], [Cl], cale. Sucrose Relati Pi Pe q Mean 

Solution <—————_(mm)- +>  tonicity\. < —(mV) 
1 9 214 £95 0 1-75 \-20:0 -200 -20-9 -20-3 (-20-5) 

2 95 30 95 # 147 1-75 +272 +276 +289 +279 +29-0 

3 95 30 60 0 1-10 +16-7 +152 +160 +160 +174 

2 95 30 95 147 1-75 +274 +276 +288 +279 +29-0 

1 95 214 95 0 1-75 -203 -204 -198 -20-2 -20-5 


Solution 1 was solution J in Table 1. Solution 2 was intermediate between J and K in Table 1. 
Solution 3 was identical with 2 except for the absence of sucrose. The tonicity is given relative to 
that of Ringer’s fluid. The fibres were equilibrated in 95 mm-K 214 mm-Cl for about 100 min. The 
first application of solution 2 lasted about 30sec but the subsequent applications of 3 and 2 
lasted 40-90 sec. The above measurements were made from the records when the potential had 


reached a steady value. V.,).. is 68log Foy with [Cl], = 95 mm for solutions 1 and 2 or 60 mm for 
60 1-10 


solution 3. Note that 95 

This is borne out by the experiments shown in Table 5. It will be seen that 
the change in membrane potential is close to that calculated for a chloride 
electrode on the assumption that the fibre attains osmotic equilibrium. The 
effects of added sucrose were fully reversible and took place with a half-time 


of 6-12 sec. The water permeability calculated from these records was about 
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10yu/min atm, i.e. about 3 times greater than in mammalian red cells and 100 
times greater than in Arbacia eggs (see Lucké & McCutcheon, 1932). Details 
of the analysis will be given elsewhere. 


Variations of [K],, and [Cl], ; fibres equilibrated in solutions 
of intermediate K, Cl product 

When a fibre has been equilibrated in a solution of high K, Cl product (e.g. 
95 mm-K 214 mm-Cl), reduction of [K], to a low value produces virtually no 
change in membrane potential. Under these conditions the chloride con- 
ductance is so much larger than the potassium conductance that chloride ions 
dominate the membrane potential. Interesting information was obtained by 
equilibrating with solutions of moderate K, Cl product, 50 mm-K 30 mm-Cl 
being found convenient. These results are given in Fig. 12. It will be seen 
from curve I that reducing [K], from 50 to 25 mm (at constant [ClI],) caused the 
fibre to repolarize from —32 to —38 mV, but that a further reduction (again 
at constant [Cl],) from 25 to 2-5 mm-K returned the potential to —32 mV. 
This effect was fully reversible. On going straight from 50 into 2-5 mm or from 


Varying [K], = 
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Varying [K],| 
—10- 
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2 5 10 38620 50 100 200 mm-K 
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Fig. 12. Effect of varying [K], and [Cl], on fibre equilibrated in solution containing 50 mm-K 
30 ma-Cl. 

Curve I (©), variation of [K], at constant [Cl],; 

Curve II (+), variation of [Cl], at constant [K},; 

Curve III ( x), simultaneous variation of [K], and [Cl], with [K], [Cl], = 1500 (mm)*. 

The curves were done in the order II, I, III; incomplete measurements indicated that the 
slope of curve I at 50 mm-K was about 10% steeper at the beginning of the experiment. The 
solution used for equilibration consisted of (mm) K 50, Cl 30, Na 152, Ca 8, SO, 93, phosphate 
1-5. The tonicity of all solutions was about 1-13 times that of Ringer’s fluid except for the 
left-hand point of curve III, in which.the solution had the same tonicity as Ringer's fluid. 
Fibre n; diameter, 134», temperature, 22° C. Semi-log. scale. 
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2-5 to 50 mm there was no permanent displacement of membrane potential, 
but in both cases there was a transient repolarization lasting 5-10 sec; this 
effect, which will be discussed in a subsequent paper, suggests that the effective 
potassium concentration at the membrane varies more slowly than the con- 
centration in the external solution. The probable explanation of the fall in 
resting potential at low [K], is that the potassium permeability depends on 
external [K], and that, at a fixed membrane potential, the permeability is 
greater when [K], is high than when it is low. The result is that as [K], is 
reduced the resting potential should pass through a maximum (minimum 
internal potential) and should then decline as the fall in potassium per- 
meability outweighs the increase in the e.m.f. of the potassium concentration 
cell. 

A decline in resting potential at low [K], was also seen in Fig. 8 (variation 
of [K], at 120 mm-Cl) and in Fig. 4 (variation of [K], in the absence of Cl). In 
the former case the membrane potential should return to V,, if the potassium 
permeability fell to zero; in the latter, one must suppose that when [K], is 
reduced to a very low value some other ion tends to control the potential. The 
other ion might be Cl- which had diffused from the micro-electrode, Na+ in the 
external medium, or a metabolic product such as HCO,~ or lactate. 

Line II in Fig. 12 gives the effect of varying Cl at constant K; line III was 
obtained by varying both K and Cl, keeping the KCl product constant. These 
results are considered further on p. 149. 


The relative magnitudes of the K and Cl conductances under 
equilibrium conditions 

The results described so far indicate that both K and Cl affect the membrane 
potential and that, under appropriate conditions, the membrane can be made 
to behave either as a potassium electrode or as a chloride electrode. In the 
remaining sections of this paper, similar results will be used to calculate the 
conductances and permeabilities of the membrane to the potassium and 
chloride ions. The underlying assumption, which receives further support 
from the experiments in this section, is that the K and Cl concentration cells 
are the main sources of membrane current and that the two cells are arranged 
in parallel, as shown in Fig. 13. Before considering absolute magnitudes we 
shall describe a method of estimating the ratio of the potassium and chloride 
conductances under equilibrium conditions. This method depends on the 
following argument. 


The conductances are defined by 


where I, or I, are the potassium or chloride current densities in the outward 
10-2 
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direction and gy OF gp, are the corresponding conductances per unit area. — 
Neither conductance will be assumed constant and both may vary in an 
arbitrary manner with concentration or potential. To begin with, it is assumed 
that only K+ and Cl- carry current through the membrane. In the absence of 
external current I, +1, = 0 and 


(7) 

where = (8) 
d 9 

and = To+(Vq—Vx) (we (11) 


For a small change from an equilibrium state in which V_ = V,, these 
relations become 


av 
av 
ev 


_ If Vy and V,, are constant and V is varied, the fraction of membrane current 
carried by K+ is 7, and by Cl- is Ty; these quantities are therefore the 
transport numbers of K and Cl. 

For comparison with experiments it is convenient to express V in milli- 
volts and, using eqns. 2 and 3, to rewrite eqns. 12-14 in the form 


15 


ov av 
= 58. 17 
(; log [Cl}, log [Cl],/ (17) 
A more exact formula which takes account of the imperfect selectivity of the 


membrane (eqn. 4) is obtained by substituting ({[K],+0-01[Na],) for [K], in 
eqn. 17. 
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Table 6 gives the results of experiments designed to test eqn. 17 and to 
estimate Ty and The quantities and @V/élog[Cl], were 
obtained from curves such as those in Fig. 8 or Fig. 12 by drawing a tangent 
at the concentration with which the fibre had been equilibrated. In order to 
reduce errors from progressive changes, the curve obtained by varying one ion 
(e.g. K) was bracketed with two curves obtained by varying the other (e.g. Cl). 


TABLE 6. concentration 


Fibre (K}, Cle Ke Vill Ix 
i 25 120 0-24 0-69 
r 25 120 ~95 30 4X 031 052 
n 50 30 -32 36 19 55 0-62 033 


Columns and SII give eoncentestions wed to and IV the potential at equi- 
librium. V and VI give the slopes at the equilibrium point. VII is 


-( 

@log(K},/ci, \elog(Cl],/K, 

In + and n the measurements were made by varying first K, then Cl and finally K again; in r the 
order was reversed. 7’, and 7’, are defined in the text. The Cl curve and the second K curve for 
fibre » are shown in Fig. 12. 


It will be seen that there is reasonable agreement with eqn. 17 and that, for 
the fibres equilibrated in Ringer’s fluid, the transport numbers are approxi- 
mately = 0-3 and = 0-6. If instead of the quantity 


we use 


dlog(K], ((K], +0-01[Na],) 
the figures in column V become 21, 27 and 37 mV; on adding these values to 
the figures for 2V/@log[Cl],, the results are 61,57 and 56 mV as against the 
theoretical value of 58 mV. 

In two of the experiments in Table 6 we also measured the changes in 
potential produced by varying both K and Cl at constant product. This did 
not provide any new information but was a good way of checking the previous 
measurements since the line obtained by varying log[K], and —log([Cl], 
simultaneously ought to have the same slope as that obtained by making the 
measurements separately and adding the results. The slopes found were 
53 mV for the first experiment and 56 mV for the third experiment, as against 
54 and 55 mV in column VII of Table 6. 


Absolute magnitude of gq, and Py 
There are several ways of estimating the chloride conductance, g,,, from 
the results described in this paper. Although differing in detail, the methods 
used all depend on calculating the internal chloride concentration from the 
external concentration and the membrane potential. 
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A. This method will be described in terms of the experiment illustrated by Fig. 9. At the 
beginning of the experiment the membrane potential in 2-5 mm-K 214 mm-Cl was - 100-5 mV. 
On substituting this value in eqn. 3, [Cl], is found to be 3-96 m-mole/kg H,O. When 95 mu-K 
214 mm-Cl was applied the potential changed to -31-7mV. After 104 sec in this solution, re- 
duction of [K], to 2°56 mm caused the membrane potential to change to - 63-9 mV, which is taken 
to be the new value of V,,; from eqn. 3 [Cl], is therefore 16-9 m-mole/kg H,O. From the rate of 
rise of chloride concentration, the fibre diameter and the water content of muscle, the inward flow 
of chloride is found to be 333 pmole/cm* sec. The flow occurs from a concentration of 214 mm into 
one of 10-4 m-mole/kg H,O against a potential difference of 31-7 mV (10-4 is the mean of 
3-96 + 16-9). The chloride conductance, gq, is therefore 

383 x 10-™ x 96500 
“Blog 214/10-4 31-7) 720 nmbho/om?. 
The same method was applied to the results obtained when [K], was raised for a short time from 
2-5 to 10 mm at constant [Cl],, for example Fig. 7d. | 

B. This was similar to A but used the results given in Fig. 10. If V, is the potential in 3-6 mm-Cl 
after t min in 95 mm-K 214 mm-Cl and Vo is the potential in 3-6 mm-Cl after a long time in 
95 mu-K 214 m-Cl, [Cl,},, is taken as 

F(V;-Veao) 


[Cl], = exp RT 


This equation follows from the assumption that the membrane behaves like a chloride electrode 
with respect to changes in internal chloride concentration (for evidence see Table 5). 

C. When a fibre which has been equilibrated in 10 mm-K 120 mm-Cl is suddenly treated with 
2-5 mm-K 120 mm-Cl, the potential at first changes from -65 to -—68 mV and then slowly drifts 
towards -95 mV (Fig. 7c). Using eqn. 3 [Cl], can be obtained from the first value, - 65 mV, 
and d[Cl},/dé can be estimated from the initial rate of repolarization. From the flow of Cl- and 
the driving force (3 mV), gq can be calculated in the usual way. This method was liable to introduce 
large errors, since neither the driving force nor the raté of repolarization could be measured 
accurately. 

D. The fourth method depended on measuring the rate of change of membrane potential 
following a sudden change in [Cl],. For example in Fig. 6 when [Cl], was suddenly reduced from 
120 to 30 mm, the potential changed from -99 to - 77 mV and then drifted back to its original 
value with a time constant whose initial value was 220 sec. The change in [Cl], was from 2-4 to 
0-6 m-mole/kg H,O (p. 138) so the initial rate of fall of [Cl], was 1-8/220 m-mole/kg H,0O per second. 
The driving force, V - Vq,, is taken as the difference between the observed change in potential, 
22 mV, and that expected for a chloride electrode, 34-9 mV. 


Table 7 gives the results of these calculations. In the physiological region 
the chloride conductance is about 190umho/cm* but higher values were 
obtained in fibres depolarized by 95 mm-K 214 mm-Cl. Since the conductance 
is likely to vary with [Cl], and [Cl], and with membrane potential it is desirable 
to calculate some other quantity as a measure of the permeability of the 
membrane to chloride. For this purpose it is convenient to use the constant 
field theory (Goldman, 1943; Hodgkin & Katz, 1949) and to calculate a per- 
meability coefficient, P,,, from the equation 


RT  1-exp(—VF/RT) 


(18) 


= Mc. [Cl], —[Clhexp(— VF/RT)” 


where M,,( = 1,,/F) is the net flow of chloride into the muscle fibre. Table 7 
shows that P,, is more constant than g,, and the apparent variation in P,, 
may be caused by experimental errors or by differences between fibres. 
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The conclusion from Table 7 is that movements of chloride occur in a 
relatively straight-forward manner and that the permeability to chloride is 
little influenced by changes in potential or concentration. The only obser- 
| vations which seem inconsistent are those made on fibres which have acquired 
a large and positive internal potential as a result of being transferred to low 
[Cl], after equilibration in a solution of high [K] [Cl] product. In Fig. 10 the 
potential in-low [Cl], declines from its initial value of +60 mV at a rate of 
about 2mV/min. If this decline is attributed solely to loss of KCl from the 
& fibre, P. is found to have a value of roughly 50 x 10~* cm/sec instead of 
3-5 x 10-* cm/sec as in other cases. The most likely explanation is that the 


| TaB_E 7. Chloride conductances and permeabilities 


Flow of Cl 
Inward = + 
Fibre [Cl], [Cl Outward = - Pa 
Fibre diameter (m-mole/ V V-Vq (pmoile/ = (umho/ (10 
Row reference Method (,) kg H,O) (mV) (mY) (mV) cm* sec) em*) cm/ 
| l ji A 132 214 10-4 - 31-7 - 762 +445 + 333 720 3-8 
je A 132-214. «28-2 - 29-6 - +165 740 
3 ja A 132 214 525 - 270 - 354 + 8-4 + 97 1100 2-9 
4 e B 133 214 224 - 310 - 569 +259 + 253 3-9 
Mean 875 3-3 
5 c A 87 120 449 - 668 - 828 +160 + 37-2 220 3-3 
6 d A 118 120 513 - 690 - 794 +10-4 + 50-6 470 6-6 
7 a, A 148 120 2 - 715 - 94-7 +232 + 32-6 (130) (2-6) 
8 I A 119 120 337 - 723 - 900 +17-7 + 46-6 250 45 
h, D 84 28 288 - 70-4 - 573 -13-1 - 143 105s 41 
0° 6A D 84 28 359 - 623 - 517 -106 —- O15 83 2-7 
ll Gs Cc 148 120 11-52 - 624 - 590 - 34 - 11-7 (330) (3-0) 
12 m Cc 173 120 928 - 676 - 645 - 31 - 58 180 1-9 
13 rT, D 111 30 240 - 770 - 636 -13-4 - 185 130 §=668 
14 fs D 111 120 0-60 -1110 -1335 +23-5 + 22-2 90 5-5 
Mean, second group 191 4-3 
Mean, all measurements 4-0 


Aweaspuene 19-23°C. For [K], in solutions, see Table. 8. Fibre a was in choline Ringer's fluid and has been 
itted from the averages. P., was calculated by eqn. 18. 


membrane does not maintain its selective properties when subjected to a large 
reversed potential difference for long periods. On this view, the initial rapid 
disappearance of the positive internal potential is due not so much to loss of Cl 
as to the gradual development of an indiscriminate leak through the membrane. 
| The chloride conductance of a fibre equilibrated in Ringer’s fluid can be 
calculated from the average value of P,,. When V is close to V,, it follows from 
eqns. 6 and 18 that the two units are related by 


[Cl], (Cl); 
Taking Py as 4x 10-* cm/sec, V as —95 mV, [Cl], as 120 mm and [Cl]; as 
2-8 m-mole/kg H,O, gq is found to be 170umho/cm*. A similar value is 
obtained by averaging the observed values of g,, in the lower part of Table 7. 


(19) 
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However, since g,, varies with concentration and potential it is better to use 
a value calculated from P,,. On p. 149 it was shown that in a fibre equilibrated 
in Ringer’s fluid the potassium conductance was approximately half the 
chloride conductance. From this it follows that the total membrane con- 
ductance gx +£,, should be 1-5 x 170 = 2554mho/cm? and that the membrane 
resistance should be 3900 Q cm?. The result happens to agree closely with that 
of Fatt & Katz (1951) who obtained an average value of 4000 Q cm? in the 
sartorius muscle of Rana temporaria. 


TaBLE 8. Potassium conductances and permeabilities (from Table 7) 


Flow of K 
Inward = — a 
[K Outward = - 
Fibre Va  (pmole/ (pmho/ (10-* 
Row reference Oe 20) (mV) (mv) (mV) cm? sec) ) 

1 ji 95 228 - 31-7 -22 —-— 97 — 333 3300 6-2 
2 je 95 228 - 296 -22 - 76 - 165 2100 3-9 
3 js 95 228 - 270 -22 - 50 - 97 1900 3-5 
4 e 95 219 - 310 -21 -100 — 253 2400 4-7 
5 c 10 104 - 668 -59 - 78 - 37-2 460 4-9 
6 d 10 113 - 690 -61 - 80 ~ 50-6 610 6-4 
7 a, 10 1138 - 716 -61 -105 — 32-6 300 3-2 
8 I 10 127 -— 723 -64 - 83 — 46-6 540 5-5 
9 h, 2-5 100 -— 70-4 -92-9 +22-5 + 143 60 1-3 
10 hy 2-5 84 623 -884 + 915 34 0-7 
ll as 2-5 113 - 624 -96 +33-6 + 11-7 34 0-6 
12 m 2-5 104 - 676 -94 +264 + 58 21 0-4 
13 2-5 125 - 77-0 -985 +21-5 + 18-5 80 1-7 
14 ts 2-5 125 -1100 -11-5 22-2 190 5-5 


For fibre diameters and values of [Cl], see Table 7. Vj is taken as the membrane potential when 
the fibre was in equilibrium with the solution. [K]{ was calculated from V, by eqn. 2. The tonicity 
of the 95 mm-K solution was 1-75 times that of Ringer’s fluid so that [K]/ is high. P, was cal- 
culated by eqn. 20. 

Potassium permeabilities and conductances 

Since the flows of K and Cl through the membrane must be equal it is a 
simple matter to convert Table 7 (chloride movements) into a similar table (8) 
giving the effect of concentration and potential on potassium movements. The 
potassium conductance g, is calculated by eqn. 6 and the potassium per- 
meability by 
RT exp(VF/RT)-1 


when M,( =I) 7) is the net flow of potassium out of the muscle fibre. These 
results are given in Table 8; more complete but less direct information is given 
in Table 9, the method in this case being as follows. From the definitions of 
P., and P, given in eqns. 18 and 20 and the equality of M, and —M,, it 
follows that | 


(20) 


RT Px [K], Po (Cl), 
F 


(21) 
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This is the usual constant field equation (Goldman, 1943), but, in the present 
instance, the equation will be regarded as a necessary consequence of the 
definitions of P_ and P,, rather than as a deduction from a physical model. 
The relevance of the equation is that since P,, remains approximately constant 
it is possible to determine P, from changes in membrane potential. The method 
was to assume that P,, had a constant value of 4 x 10-* cm/sec, to calculate 
[K]}, and [Cl], from the potential when the fibre is at equilibrium in a given 
solution and finally to determine P, from the new membrane potential when 
[K], or [Cl], were changed suddenly to a new value. 

At low [K], the argument is complicated by the fact that the membrane 
does not discriminate perfectly between K and Na. A simple but somewhat 
unrealistic approach which was used in Table 8 was to neglect [Na], and to 
take a value of [K], which agreed with the resting potential. An alternative 
was to allow for imperfect exclusion of Na by the equation 


RT In Px[K],+ Pra[Na], + 
F Py [Nahi + Po[Cl], 

In applying the equation P,,/P, was taken as 0-01 (see p. 135) and Py, [Na], 
was neglected. This method was used in rows 15-25 of Table 9 but the results 
must be regarded as tentative, since changes in Py, might introduce large 
errors. These reservations do not apply to the upper part of Table 9, which is 
considered fairly reliable. 

For small displacements from equilibrium; 
the permeability ratio P,;,/P., was calculated 
numbers by the relation 

Px(K], _ 8x _ Tx 


Po [Cl], Sol Zo 
This relation follows from the definitions of conductance and permeability 
given in eqns. 5, 6, 18 and 20. 

The conclusion from Table 9 is that the potassium permeability varies 
greatly with the force acting on the potassium ions. When V—V, is large 
and positive and potassium ions are moving outwards, P, falls to a low value 
of about 0-05 x 10-* cm/sec; when V—V, is negative and potassium ions are 
moving inwards P, rises to about 8x 10-*cm/sec. The value under equi- 
librium conditions (V = Vx) is 1-2 x 10-* cm/sec. The reduction of potassium 
permeability when the driving force acting on K+ is outwardly directed agrees 
with Adrian’s (1958) observations on the efflux of **K from muscles loaded with 
KCl and with Katz’s (1949) experiments on electrical rectification in muscles 
immersed in isotonic solutions of K,SQ,. 

For comparison with electrical data it is interesting to express the results 
as conductances rather than as permeabilities. With a fibre in 95 mm-K 
(Vx = —22 mV) the conductance for inward potassium current at V = —32 


(22) 


or example in row 11, Table 9, 
the estimates of transport 


(23) 
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mV is 3000umho/cm? while the conductance for outward potassium current 
at V=+70mV is only 30umho/cm?®; the conductance at equilibrium is 
roughly 1000umho/em?. With a fibre in 2-5 mm-K (V_ = —101 mV), the 
resting potassium conductance is about 80umho/cm* and the conductance 
calculated for outward current at V = +70 mV is perhaps 15u~mho/cm?. With 
low [K],, the calculated variation of gy is much less than that of P< because 
the decrease of P, is offset by the constant field type of rectification. We have 
no reliable evidence about the way in which P, varies in the region of mem- 


brane potentials in which the fibre develops tension. . 7 
TABLE 9. Potassium permeabilities from measurements of membrane potential 
I If Itt IV Vv VI Vil VIII Ix x XI 
Equilibrated Test 
Vibes Va. (KL  Vv-V, Py 
Row reference (mm) (mm) (mm) (mM) (mm) (mV) (mV) Px/Pq (10-* cm/sec) 
[K), = 95 mm 
1 a) 95 214 - 22 95 0 + 85 +107 0-014 0-06 
2 7) 95 214 - 22 9% 30 + 71 + 93 0-01 0-04 
3 g 95 108 - 215 95 36 + 4 + 65 0-023 0-09 | 
4 9g 95 108 ~ 215 95 30 + 2 + 24 0-09 0-36 
5 g 95 108 — 215 95 108 - 215 0 0-4 1-6 
6 0, p 95 214 - 22 9% 214 - 22 0 ca. 0-25 ca. 1-0 
7 g 95 108 - 215 95 214 — 28 - 65 1-1 4-4 
8 e 95 36 - 205 95 214 - 30:8 ~ 103 1-9 76 
9 j 25 214 -100-5 95 214 - 97 1-9 7-6 
[K], = 50 mm 
10 n 50 30 - 32 5&O 6 — 19-9 + 121 0-19 0-76 
ll n 50 30 - 32 5&0 30 - 32 0 0-34 1-36 
12 n 50 30 - 32 8&0 120 — 44-9 - 12-9 0-6 2-4 
[K], = 10 mm 
13 n 50 30 - 32 (10) (30) (- 38) + 40 0-06 0-24 
14 -- 10 120 - 62 10 120 - 62 0 ca. 0-3 ca. 1-2 
15 — 25 120 - 9283 10 120 - 72-6 - 1-3 5-2 
[K], ~2°5 mm 
16 f 95 214 - 19 2-5 36 + 74 +170 0-01 0-04 
17 j 95 214 - 22 25 214 - 22 + 76 <0-02 <0-08 
18 n 50 30 - 32 25 30 — 32 + 65 <0-01 <0-04 
19 m 10 120 - 618 25 120 ~ 65 + 25 0-2 0-8 
20 —- 25 120 - 945 25 30 - 72 + 22:5 0-2 0-8 
21 25 120 -~- 945 25 60 - 83 + 11-5 0-2 0-8 
22 — 2-5. 120 - 045 25 120 — 94-5 0 0-5 2-0 
23 b 0-5 120 ~ 113-2 25 120 — 102-2 - 84 0-7 2-8 
24 r 25 20 -~ 985 25 120 -110 11-5 0-7 2-8 
25 h 25 28 90 2-5 120 101-9 9 1-2 4-8 


Columns III and [V give the external concentrations and V the internal potential at equilibrium. VI and VII 
give the external concentrations and VIII the internal potential immediately after a sudden change in con- 
centration. The definition and method of estimating P, are given in the text. Eqn. 20 was used for rows 1-14 
and eqn. 22 for 15-25. V, was calculated by eqn. 2 and Vy... by eqn. 4 using « = 0-01. P,, is taken as 4 10“ 
cm/sec. Rows 5, 6, 11, 14 and 22 are based on measurements of the slope of the V-{Cl], or V-[K], relations. | 
Bracketed figures in row 13 were interpolated. Where no fibre reference is given, average data have been employed. 
In row 9, [K], was taken from Table 8 as 228 mm. In rows 23-25, [K], was calculated from the resting potential 
in Ringer’s fluid. 
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__ DISCUSSION 


The equivalent circuit in Fig. 13 provides a convenient way of describing the 
effects of K+ and Cl- on membrane potential. The batteries V, and V,, repre- 
sent the potassium and chloride concentration cells while Ry, and R,, represent 
the resistance of the channels through which these ions pass. As the muscle 
comes into equilibrium with a new solution, KCl moves across the membrane 
until the e.m.f.’s of the two batteries are equal; electrically this corresponds to 
one battery being charged or discharged by the other. Under most conditions 
the change in e,m.f. is mainly in the chloride battery, which should therefore be 
regarded as having a much smaller capacity than the potassium battery. 


Outside 


: 
= 
Inside 
Fig. 13. Circuit diagram representing resting membrane of muscle. The rectifier element repre- 
sents the variation of potassium permeability observed in the present experiments; the 


variation is in the same sense as that reported by Katz (1949). For a fibre equilibrated in 
Ringer’s fluid Ry + 10,000 Qcem* and Rg + 5000 Ncm’. 


When the fibre is not in equilibrium, the membrane potential depends on the 
relative permeability of the two ions. Since the potassium channel acts like 
a rectifier which cannot pass much outward current, the membrane potential 
is determined by the battery with the smaller e.m.f. A more precise statement 
of the principle, using the internal potential, V, is that V+ V, if Vx > Vq and 
V= Vqif Vo, > Vx. In using the equivalent circuit one should remember that 
neither gy nor gx can be regarded as constant. In the case of the chloride 
channel, the variation of conductance with concentration and potential seems 
to be of the simple type expected from the constant field theory. This is not 
true for the potassium channel in which the conductance for inward currents 
may be 100 times that for outward currents, in spite of the fact that the 
internal concentration is greater than the external concentration. At present 
neither the physiological significance nor the physical nature of this rectification 
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is understood. The matter is particularly puzzling because the rectifica- 
tion is in the opposite direction to that required to explain the recovery of 
potential and the loss of potassium during the impulse. Presumably the 
behaviour of the membrane at short times is different from that in the steady 
state but on this point there is little experimental evidence. 

In spite of uncertainties about the system controlling potassium per- 
meability in muscle, the present experiments provide strong support for the 
conventional theory of the resting potential. Both K+ and Cl~ have been 
shown to affect the membrane potential and the observed variations agree 
quantitatively with the idea that these two ions control the membrane 
potential. As is to be expected from the theory of Boyle & Conway (1941), 
changes in chloride concentrations at constant osmotic pressure and at con- 
stant [K], produce only transient alterations of membrane potential, and the 
membrane potential at equilibrium depends mainly on the potassium con- 
centration of the external medium. When [K], is greater than 10 mm the 
potential is close to that of a potassium electrode; at lower concentrations it 
deviates in the manner expected from a slight permeability to sodium. 

Since the average resting potential in Ringer’s fluid, —94 mV, was less than 
the potassium equilibrium potential, — 101 mV, one must suppose either that 
the fibres were slowly losing K and gaining Na or that a steady state is main- 
tained by metabolic processes which absorb K and eject Na. The present 
experiments are probably consistent with either view, but, as there are other 
reasons for supposing that K uptake is not passive, it is simplest to assume 
that the passive leak of K is at least partly balanced by an active uptake 
driven by metabolism. | 

The approximate agreement between the resting membrane conductance 
calculated from our measurements and that found by Fatt & Katz (1951) has 
been mentioned on p. 152. A comparison can also be made with the experi- 
ments of Jenerick (1953) who measured the resistance across the membrane 
of fibres in the sartorius muscles of Rana pipiens which had been treated with 
solutions containing different concentrations of K and Cl. Making certain 
assumptions, Jenerick calculated the membrane resistance as 2500 Q cm? in 
Ringer’s fluid (2-5 mm-K 116 mm-Cl), 290Q cm? in 75 mm-K 189 mm-Cl and 
170Q cm? in 110 mm-K 224 mmu-Cl. From his results one would predict a 
membrane resistance of about 200Q cm? in 95 mm-K 214 ma-Cl. Taking our 
approximate values of P,, =4x10-* and Py =1-6x10-* cm/sec (Table 9, 
row 5) and using eqn. 20, the membrane resistance of fibres equilibrated in 
95 mm-K 214 mm-Cl is found to be 300Q cm*. Although agreement in order 
of magnitude is all that can be expected, it is perhaps worth pointing out that 
Jenerick’s estimates in high K are likely to be too low since he assumed that 
the myoplasm resistance was not altered by raising the osmotic pressure and 
KCl content of the external solution. This does not apply to Jenerick’s measure- 
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ments of the resting membrane resistance, but close agreement is not to be 
expected since the resting potential in 2-5 mm-K was 82 mV in his experiments 
and 94mV in ours. In analysing his results, Jenerick assumed that the 
internal K and Cl concentrations did not vary with the osmotic pressure or 
KCl content of the external solution. It is therefore not surprising that his 
tentative conclusions about the relative magnitudes of P,, and P,, and about 
the way in which these permeabilities vary with membrane potential are very 
different from those in the present paper. 

It is interesting to see whether some of the recent experiments on the effects 
of anions such as nitrate or iodide are consistent with the present results. 
Hutter & Padsha (1959) reported that NO; or I- increased the membrane 
resistance of the sartorius muscle about twofold. Using tracers, Abbott (quoted 
by Hill & Macpherson 1954) showed that I- crossed the membrane less easily 
than Cl-, and it is reasonable to infer that the same is true for NO3. It has 
also been shown that the exit of Cl- from the sartorius muscle is slowed by the 
presence of NO; or I- in the external medium (Harris, 1958 and R. H. Adrian, 
unpublished). All this suggests that NO; or I- cross the membrane less easily 
than Cl- and that these anions retard the passage of Cl-. Since K fluxes are 
not affected by NOj or I- (Edwards, Harris & Nishie, 1957), Hutter & Padsha 
concluded that the chloride conductance must normally be greater than the 
potassium conductance; this is clearly consistent with our conclusion that the 
chloride conductance accounts for $ of the total membrane conductance. 

The interaction between NO; and Cl- explains an observation which other- 
wise seems inconsistent with the present results. Since NO; crosses the mem- 
brane less easily than Cl- one might expect that replacing Cl- with NO; 
would give a transient depolarization of the type observed with sulphate or 
with a Ringer’s fluid in which some NaCl has been replaced by sucrose. In 
experiments with the sartorius muscle, Hutter & Padsha (1959) and R. H. 
Adrian (unpublished) found that the resting potential after equilibration was 
the same in NO; as in Cl- Ringer’s fluid and they could detect no transient 
depolarization on first applying nitrate. Our experiments on single fibres 
showed either no change in resting potential or sometimes a hyperpolarization 
of a few millivolts when nitrate was applied. It therefore seems clear that 
although NQj is less able to cross the membrane than Cl- its action does not 
resemble that of $02-. An explanation can be given along lines similar to those 
followed by Hutter & Padsha (1959). In chloride media without NO, we find 
= 4x10 cm/sec. Hutter & Padsha’s observations require a Pyo, of, say, 
| x 10% em/sec. If Cl and NO, acted independently, one would expect that 
substituting NO, would be equivalent to reducing [Cl], to } so there should 
be a depolarization of 20-30 mV. However, since NO, reduces the flux of Cl 
without changing the resting potential, this ion evidently reduces P., to some 
new value P/,. If P, were 1 x 10-* cm/sec, there would be no change in resting 
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potential on applying NO, and if P(, were less than 1 x 10~* cm/sec there would 
be a transient hyperpolarization. 

Since there is evidence of interaction in the passage of anions through the 
membrane it would not be surprising if the chloride fluxes calculated on the 
constant field theory differed from those observed experimentally. Taking the 
resting potential as —94 mV, P,, as 4-0 x 10-* cm/sec and using the constant 
field theory, one obtains a chloride flux of about 40 pmole/cm? sec, as against 
the value of about 10 pmole/cm? sec calculated (Hodgkin, 1951) from the data 
of Levi & Ussing (1948). A more reliable comparison is for the case of a muscle 
equilibrated in Ringer’s fluid plus 100 mm-KCl, where the value calculated 
with P., = 4x 10-* cm/sec is 540 pmole/cm* sec and Adrian’s (1958) results 
indicate a chloride flux of 200 pmole/cm? sec. The discrepancy is in the direction 
explained by movements of ions in single file along a chain of sites (Hodgkin 
& Keynes, 1955). A similar discrepancy is found with the potassium fluxes, 
the efflux in Ringer’s fluid, calculated with P, =2x10-* cm/sec, being 
25 pmole/cm? sec as against 10 pmole/cm? sec found experimentally (Hodgkin 
& Horowicz, 1959). With a muscle equilibrated in Ringer’s fluid plus 100 mm- 
KCl, the value calculated with P, = 1-2 x 10-* cm/sec is 120-240 pmole/cm? 
sec whereas Adrian’s results give a potassium flux of about 100 pmole/cm? sec. 
In the case of chloride there may seem to be an inconsistency since net move- 
ments agree with the constant field theory whereas fluxes do not. However, 
one should remember, first, that agreement with the constant field theory was 
approximate and, secondly, that the single-file type of interaction may only 
become apparent in experiment with tracers. A long chain of sites, sparingly 
occupied by ions, ought to obey the constant field theory as far as net move- 
ments are concerned but would give anomalous fluxes if the ions could not 
pass one another. 

The present experiments indicate that an appreciable quantity of chloride 
should enter a muscle fibre during an action potential. Taking the height of 
the action potential as 130 mV and its duration at half amplitude as 1-5 msec, 
taking the after-potential as 20 mV in amplitude and 30 msec in duration and 
using the constant field theory with a of 4x 10-* cm/sec, one finds a 
chloride entry per impulse of 1-3 pmole/em?. This quantity is smaller than the 
apparent difference between the net entry of Na (about 15 pmole/cm?) and the 
net loss of K (about 10 pmole/cm?) associated with each impulse (Hodgkin 
& Horowicz, 1959). 

One reservation which must be made about the present experiments is that 
nearly all the measurements were made on relaxed muscles and that we have 
not described the effects of solution changes which cause the muscle to con- 
tract. The primary reason for this omission is that it is much more difficult to 
obtain reproducible results on contracting muscles and that fibres were usually 
damaged irreversibly when they developed tension with the micro-electrode in 
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position. Certain aspects of the relation between membrane potential and 
tension will be described in a subsequent paper. For the time being all that 
need be said is that contractures induced by raising K do not have any 
obvious electrical sign and that the electrical effects of solutions which give 
tension are very much what one would expect from the results described here. 


SUMMARY 


1. The membrane potential of frog muscle fibres varied in the same manner 
as a potassium electrode when [K], and [Cl], were changed reciprocally at 
constant product, or if [K]o was altered in Cl-free solutions. 

2. At constant [K], , variation of [Cl], produced no permanent displacement 
of membrane potential, but there were large transient changes, lasting 10-60 
min, in the direction expected for a chloride electrode. 

3. At constant [Cl],, increasing [K]o from 2-5 to 10 mm produced a sudden 
depolarization and then a slow drift to an equilibrium value. When equilibrium 
had been established, reduction of [K], from 10 to 2-5 mm produced only a 
small instantaneous repolarization and it took about an hour to establish the 
original resting potential. | 

4. The membrane potential of fibres which had been equilibrated with 
Ringer’s fluid plus 93 mm-KCl was not sensitive to reduction of [K], but 
varied in the same way as a chloride electrode when [Cl], was reduced; the 
initial effect of removing all chloride was to make the inside of the fibre 
70-80 mV positive to the outside. 

5. Varying the internal chloride concentration, by altering the external 
osmotic pressure with sucrose, changed the membrane potential of a fibre 
loaded with Cl in the manner expected for a chloride electrode. 

6. The results are explained quantitatively by assuming (i) a Donnan 
system of the Boyle-Conway type, (ii) K+ and Cl- are the ions which carry 
current through the resting membrane and (iii) the relative contribution of K+ 
and Cl- to the membrane potential depends on the direction in which the 
potassium ions are moving. The potassium permeability is fairly high (up to 
8 x 10-* cm/sec) for inward current but very low (down to 0-05 x 10-* cm/sec) 
for outward current. The chloride permeability on the other hand remains at 
a constant value of about 4 x 10-® cm/sec. 

7. Ina resting fibre equilibrated in Ringer's fluid the chloride conductance 
was about twice the potassium conductance; the absolute magnitude of the 
resting K and Cl conductances were about 100 and 200 umho/cm? respectively. 

i ilt the equipment used in these 
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discussion. During the period of the investigation, one of the authors (P. H.) held a National 
Science Foundation Fellowship and a National Research Council Fellowship in the Medical 
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The voltage clamp technique, introduced by Hodgkin, Huxley & Katz (1952) 
was first used to analyse the membrane conductance changes during activity 
in the squid giant axon (Hodgkin & Huxley, 1952a-d). Tasaki & Bak (1958), 
and Dodge & Frankenhaeuser (1958), using a similar technique, examined 


voltage-current relations in the membrane of a myelinated nerve fibre. How- 


ever, these investigations were all concerned with nerve fibres. 

Recently we have applied a similar technique to nerve cell bodies in the 
supramedullary ganglion of a puffer fish (Hagiwara & Saito, 1957, 1959). The 
present work was planned to elucidate further the properties of the nerve cell 
body membrane by use of the voltage clamp technique. The relation between 
the membrane potential and membrane current was analysed under normal 
conditions, as well as in the presence of urethane and tetraethyl ammonium 
ions (TEA). In this work we used a marine pulmonate mollusc, Onchidium 
verruculatum, which has a number of large nerve cells (100-300, in diameter) 
in its central nervous system. 


METHODS 


The marine pulmonate mollusc Onchidium verruculatum is one of the most common species on the 
Pacific coast of Japan. Some other species, such as Aplysia punctata and Doris japonica, were 
examined but Onchidium verruculatum was found to be the best material, because the ganglia were 
only very loosely covered with connective tissue. The sub- and supra-oesophageal ganglia were 
isolated from the animal together with their nerve bundles. The ganglia were placed horizontally 
on a glass plate l cm in width, and fixed with threads connected to two or three of the nerve 
bundles. The plate was covered with 2-3 ml. of artificial sea water. The connective tissue strands 
surrounding the ganglion cells were carefully removed under a binocular microscope. With 
transmitted illumination the nerve cells in the ganglia were clearly distinguishable from other 
tissue because of the presence of dense yellow pigment granules inside the cells, and it was usually 
possible to distinguish more than 10 nerve cells in each preparation. 

The micro-electrodes were glass capillary tubes with a tip diameter of less than 0-5 » and filled 
with 3 m-KCl solution. For some experiments electrodes filled with K,S0, solution were also 
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employed. The resistances of the electrodes ranged between 10 and 15 MN. The indifferent elec. 
trode was a silver plate (0-5 x 1-0 cm*) immersed in the solution surrounding the preparation. 

The artificial sea water had the following composition (Yamamoto, 1949): (g/l.) NaCl, 27; 
KCl, 0-7; CaCl,.2H,0, 1-6; MgCl,.6H,O, 0-94; NaHCO,, 0-5. The TEA, choline or sucrose sea. 
water was similar to the normal sea water except that the NaCl was replaced by sufficient TEA 
chloride (Etamon; Parke, Davis and Co.), choline chloride (Merck and Co.), or sucrose to give an 
isotonic solution. Replacement of Na with TEA or choline to any desired extent was performed 
by mixing appropriate amounts of the solutions. To change the solution while the electrode was 
inside the cell, an appropriate amount of one solution was carefully added to the known amount of 
the solution in which the preparation was immersed. Application of urethane (ethyl-urethane, 
Merck) was performed similarly with 10% urethane solution, made up in normal or modified sea 
water. 
The pre-amplifier for recording the membrane potential had a low grid current (10-" A) and a 
variable negative capacity to compensate for the input stray capacity (Haapanen & Ottoson, 
1954). The current flowing through the polarizing micro-electrode was recorded as the potential 
drop across a 5 MQ resistor inserted between the current electrode and the output of the pulse 
generator or the output of the feedback amplifier by means of two cathode followers of the same 
character. Each of the cathode followers had a linear response to a change of input voltage up to 
+40 V. The feedback system used for the voltage clamp was similar to that used previously 
(Hagiwara & Saito, 1959). The amplification of the differential amplifier used for feedback was 
about 5 x 10°. The membrane resistance of the resting cell was 2—5 MQ and it decreased to 0-1-0-05 
of this value when the potential of the interior of the cell was elevated by about 100 mV. Therefore 
the gain of the amplifier was adequate to maintain the membrane potential at a desired level! 
within an error of 2-4% when the resistance of the current electrode was about 10 MQ. 

All the experiments were carried out at room temperature (20—23° C). 


RESULTS 
Normal spike potential 
The resting potential of cells immersed in normal sea water ranged between 
60 and 70 mV. A spike potential appeared when the depolarization produced 
by an outward current reached 20-30 mV. If a supra-threshold polarizing 
current was prolonged similar spike potentials appeared repetitively as shown, 
by records Al and A2 in Fig. 1. The interval between spikes decreased with 
increase of current intensity. 

The spike had an amplitude of 80-100 mV and was followed by a positive 
after-potential or undershoot (Fig. 2, A2). At the peak of the undershoot the 
membrane was hyperpolarized by 10-18 mV. The rising and falling phases of 
the spike lasted about 2 and 7 msec respectively (at 21° C). The duration of the 
spike, therefore, was less than 10 msec, and 20-25 msec was necessary for the 
recovery of the membrane potential from the undershoot. 

In a few cases the spike potential produced by an outward current pulse 
was preceded by a small prepotential (Fig. 1C). Sometimes these potentials 
failed to grow up to a full-sized spike. Since such abortive prepotentials often 
appeared on the falling phase of a subthreshold depolarization they presumably 
represented electrotonic spread to the soma membrane of spikes produced at 
the axon some distance from the soma. The phenomenon suggests that in such 
cases the spike is initiated in the axon and conducted back to the soma. This 


‘ 


VOLTAGE-CURRENT RELATIONS IN NERVE CELL 163 


result indicates that the threshold depolarization at the soma membrane is 
sometimes somewhat higher than that at the axon membrane. _ 
Stimulation of the roots of the ganglia, especially of those to the pedal 
muscles, usually produced an antidromic spike in the nerve cell. The anti- 
dromic spike was characterized by a step on its rising phase (Fig. 1, B1). This 
prepotential became clearly visible under anodal polarization of the soma 


Fig. 1. Al and A2, spike potential (upper trace) of the normal cell produced by outward current 
pulses (lower trace) of a long duration. Voltage calibration, 100 mV; time calibration, 50 msec. 
B, spike potentials produced by antidromic (record 1) and transmembrane stimulation 
(record 2) of the same cell. Record B 1 also shows the effect of anodal polarization of the soma 
membrane on the antidromic spike. Voltage calibration, 100 mV; time calibration, 20 msec. 
C, small potentials with and without a full-sized spike. Voltage calibration, 100 mV; time 
calibration, 20 msec. D, membrane currents produced by stimulation of one axon (upper 
trace) and two axons (lower trace) of the cell during the voltage clamp of the soma membrane 
to the resting level; downward deflexion of the trace, inward direction of the membrane 
current. Current calibration, 0-2 A; time calibration, 20 msec. 


membrane and failed to grow up to a full-sized spike when the potential level 
at its peak was less than threshold, i.e. the step level. In most cells the step 
occurred at a level close to that of the critical depolarization found by trans- 
membrane stimulation of the cell soma (Fig. 1, B1 and B2). These results 
indicate that the prepotential represents an electrotonic spread to the soma 
membrane of the spike in the axon and that the phenomenon is due to the 
small safety factor of impulse conduction across the axon-soma junction. 
Occasionally the step level was substantially below the critical depolarization, 
and this probably indicates that such a locus occurs across a region of axon 
some distance from the cell. 

One of the remarkable results in the present cell was that the antidromic 


spike could be produced by stimulating either of two different roots. When a 
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stimulus was applied to oné root during the voltage clamp of the soma mem- 
brane at the resting level, a small and rapid inward membrane current was 
observed at a time corresponding to the rising phase of the prepotential (upper 
trace of Fig. 1D). Stimulation of the other root also produced an inward 
current but amplitude and latency were both somewhat different. Simul- 
taneous stimulation of the two roots resulted in a summation of these currents, 
as is shown by the lower trace of Fig. 1D. These results indicate either that at 
least two different axons leave from a single cell or that a single axon branches 
quite close to the cell soma. 


Membrane current 


Fig. 2. Current-voltage relations of the normal cell membrane A 1, membrane currents associated 
with rectangular membrane potential changes. The magnitude of potential change from the 
resting potential level is listed for each trace; upward deflexion of the trace, outward 
direction of the membrane current. A2, spike potential (lower trace) produced by a short 
outward current pulse (upper trace). Blanking in the potential trace, 5 msec intervals; 
sweep speed same asin Al. V, voltage calibration of 100 mV; C, current calibration of 0-5 »A. 
B, relation between the membrane potential change and the intensity of the membrane 
current at the peak of the initial surge (©) and at the steady state (@). Outward membrane 
current, positive on the current axis; depolarization positive on the potential axis, taking the 
resting potential level as zero. Crosses show the voltage—current relation obtained by the 
two-step voltage clamp experiment at the steady state. 


Current-voltage relation of the normal cell membrane 


A series of records in Fig. 2, Al shows the membrane currents when the | 


membrane potential of the cell was clamped at various levels. In these records 
an upward deflexion corresponds to an outward current through the cell 
membrane. The large capacitative current that flowed at the onset of a sudden 
potential change is discernible only as a short break in the records. After the 
capacitative current was over, an initial inward surge appeared, followed by a 
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gradual change to an outward current. The current intensities at the peak of 
initial surge (open circles) and at the final steady level (filled-in circles) are 
plotted against the changes in the membrane potential in Fig. 2B. In this 
figure, outward current is positive on the current axis, depolarization is positive 
on the potential axis, and resting potential corresponds to zero change of 
membrane potential. The potential at which the membrane current at the 
moment corresponding to the peak of the initial surge became reversed was 


Fig. 3. Membrane currents (upper trace) associated with smaller rectangular depolarizations 
(lower traces). Blanking in the potential trace in record 6, 2 msec; V, voltage calibration of 
100 mV; ©, current calibration of 0-2 nA. 


80-100 mV more positive (inside relative to outside) than the resting potential 
level. This value coincided with the membrane potential at the peak of 
the spike recorded from the same cell. The current—voltage relation approxi- 
mated to a straight line around this potential level. The membrane resistance 
estimated from the slope of this straight line was 1/8-1/20 of the resting 
resistance of the same cell membrane. 

Records in Fig. 3 were obtained with higher sensitivity of current recording 
in order to show membrane currents during voltage clamp of the cell mem- 
brane to relatively small positive levels. When the potential change reached a 
certain value, which was usually similar to the critical depolarization obtained 
by an outward current pulse, a small inward surge appeared with a 
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considerable latency. Often the inward surge at this potential showed double 
peaks, or was composed of two separate small surges. Increasing the clamped 
membrane potential decreased the latency and at the same time these com- 
ponent surges became synchronized. The synchronization caused a summation 
of surges, and therefore resulted in an increase of intensity at the peak. These 
surges were very similar to those obtained by antidromic stimulation. If these 
inward surges are contaminated by the current due to spikes at the axon 
somewhere beyond the space clamp region, they do not immediately indicate 
a sign of activity at the cell soma. 


Fig. 4. A, potential changes simultaneously recorded through two internal micro-electrodes 
inserted into the same cell when a threshold outward current pulse was applied through a 
third internal electrode (record 1), and when the membrane potential was clamped with this 
electrode and one of the recording electrodes (records 2 and 3). Upper trace in each record 
was obtained through the recording electrode used for the voltage clamp. Voltage calibration, 
100 mV; time calibration, 50 msec. B and C, effect of antidromic stimulation on the initial 
inward surge associated with a small depolarization; arrows in records indicate moments of 
antidromic stimulation. In B and C, V, voltage calibration of 100 mV; C, current calibration 
of 0-2 nA; time, 50 msec. 


In order to obtain the current-voltage relation of the actual cell membrane 
by the present technique it is necessary that the whole of the membrane of the 
cell should be under the space clamp and also that the current flowing through 
the membrane of axon or dendrite should be negligible. For examining the 
first point the membrane potential change was recorded through a third 
micro-electrode inserted into various regions of the cell membrane while the 
voltage clamp was carried out with two other internal electrodes, and was 
compared with the potential recorded through the electrode used for feedback. 
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As is shown by Fig. 4A, they were always in good agreement. Therefore the 
present experimental conditions satisfy the first point. 

Since the present nerve cell has an axon or axons, some fraction cf mem- 
brane current should flow through the membrane of the axon. When a con- 
stant inward current of a relatively small intensity was applied to the cell 
membrane it hyperpolarized the membrane with a time course that was close 
to exponential. This provides some evidence that the current flowing through 
the axon membrane is small compared with that through the soma membrane. 
However, this conclusion holds only for the resting condition, or at least when 
the membrane properties are practically uniform between the cell and the axon. 
When the clamped membrane potential in the cell itself is at a level slightly, 
say 25 mV, less negative than the resting potential, the membrane of the axon 
some distance from the cell depolarizes with a time course determined by the 
time constant of the axon membrane and the internal resistance between this 
region and the cell soma. If the distance between these two regions is not very 
large compared with the space constant of the axon, the final level of the 
potential change at this axon membrane should not be much smaller than that 
in the soma, and therefore it may be enough to produce a spike potential 
because the membrane of this region may not be well clamped. Such a spike 
potential should result in a small inward surge in the recorded membrane 
current. On the other hand, the initial inward surge due to the cell membrane 
itself may not be easily recognizable, since the potential change applied by the 
voltage clamp is not large. In order to examine the above possibility, the 
interaction was observed between the inward surge due to antidromic stimu- 
lation and that produced by applying a small depolarization with the voltage 
clamp. In Fig. 4B, record 1 shows an inward surge associated with a small 
rectangular depolarization. When the antidromic impulse preceded this surge 
by a certain interval the latter separated into two surges (record 2). Decrease 
of the interval caused the second component of these two to disappear. The 
result indicates that the directly produced surge is composed of at least two 
components, one of which is probably due to excitation of the region at which 
the antidromic impulse terminates. Since the antidromic surge was produced 
under the voltage clamp of the soma membrane to the resting potential level 
the antidromic spike terminated in the axon some distance from the cell. The 
separation of the double peaks of the initial surge associated with a small 
depolarization may be due to asynchronous spike initiation at two axons for 
a single nerve cell. Figure 4C shows a similar series of records obtained with a 
linearly increasing voltage pulse. As is shown by traces 5 and 6, the directly 
produced surge also left a refractory period for the antidromic surge. The least 
interval between the directly produced and antidromic surges was twice the 
conduction time through the antidromic pathway, the latter being measured 
as the interval between the antidromic stimulation and surge. The 
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phenomenon indicates that a spike probably originates at the axonal region and 
travels distally along the axon, and therefore collides with the antidromic 
impulse. 

The foregoing results show that the initial surge associated with a small 
_ depolarization of the membrane is greatly contaminated by current due to the 
spike originating at the axon. The effect of a preceding antidromic surge was 
also observed on the initial surge associated with a larger positive-going 
potential change. It was usually found that the amplitude of the initial surge 
was not decreased significantly by such an antidromic surge when the potential 
change was larger than about 50 mV. Therefore, the results on the initial surge 
obtained for higher positive-going potential changes give the current—voltage 
relation of the membrane under the space clamp with reasonable reliability. 
Even though the membrane under the space clamp includes the soma mem- 
brane it may also include the membrane of the initial short length of the axon. 
In such a case the eight- to twentyfold increase of the membrane conductance 
associated with the initial surge is some sort of average value for these 
membranes. 

Since the final steady state of voltage clamp is not associated with an action 
potential of the unclamped axon membrane, the current-voltage relation 
obtained under the present experimental condition can be compared with those 
obtained under the resting condition. As is shown in Fig. 2B, the intensity of 
the membrane current was similar to that expected from the resting membrane 
resistance for membrane potential changes smaller than about 30 mV. How- 
ever, the slope of the current-voltage relation became much steeper for larger 
membrane potential changes. Although the intensity of current varied approxi- 
mately linearly with the membrane potential change, the straight line did not 
actually cross the potential axis. Furthermore, it was obtained a certain 
period after the membrane potential was changed, and therefore the equi- 
librium potential across the membrane in the absence of applied current might 
have changed during this period. For these reasons the two-step voltage 
clamp technique was employed to estimate the equilibrium potential and con- 
ductance of the membrane during the final steady state. After the membrane 
current reached a steady level the membrane potential was suddenly shifted to 
a second level. Subtracting an appropriate capacitative current from the 
membrane current, the current just following the sudden potential change was 
obtained and was plotted against the membrane potential of the second level 
as shown by the crosses in Fig. 2B. The points fit a single straight line. If the 
conductance and equilibrium potential are not changed rapidly with the 
potential shift, the slope of the straight line should indicate the membrane 
conductance at the steady state and the equilibrium potential for the corre- 
sponding state should be given by the intersect on the potential axis. The 
apparent equilibrium potential was slightly more negative than the resting 
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potential level. Almost the same value of equilibrium potential was obtained 
with any other large potential change during the first step. The conductance 
of the membrane thus measured at the steady state was smaller than that 
given by the slope of the straight line relationship between the membrane 
potential and the final steady current and increased with increasing change of 
the membrane potential. At 100 mV depolarization, for instance, the con- 
ductance at the steady state was 10-20 times as largeas the resting conductance 
of the same membrane. This change in the membrane conductance corre- 
sponds to the so-called ‘delayed rectification’ observed for the squid giant 
axon (Cole, 1941; Hodgkin & Huxley, 1952¢). : 

The foregoing results suggest that the membrane current obtained by voltage 
clamp technique is apparently composed of two components, as was found in 
the squid giant axon by Hodgkin, Huxley & Katz (1952), and by Hodgkin & 
Huxley (1952a, 6, c, d). They separated these components by removing the 
sodium ions in the external solution. Similar experiments were also under- 
taken in the present nerve cells by applying urethane and tetraethyl ammonium 
in the external medium. 

Effect of urethane 

In the presence of 2% urethane the amplitude of the spike potential de- 
creased, and finally the cell became incapable of producing an all-or-none type 
of spike; but no appreciable change appeared in the resting potential. After 
the decrease of spike potential had reached a steady state, the membrane 
currents were recorded during a voltage clamp (Fig. 5, A2). Comparing these 
currents with those obtained from the same cell before applying urethane 
(Fig. 5, Al), it was found that the initial surge was substantially changed by 
urethane. In the present example the effective equilibrium potential for the 
initial surge decreased from its normal value of 80 mV to 60 mV in the presence 
of urethane (Fig. 5C). The effective conductance of the membrane for the 
initial surge, obtained from the slope of current-voltage relationship at 60 mV, 
was much smaller than the conductance of the same membrane before 
application of urethane (Fig. 5C). These changes evidently corresponded to a 
decrease of the spike amplitude. In contrast to this no appreciable change was 
observed in the final steady current. There are marked similarities between the 
membrane current produced by the presence of urethane in the present nerve 
cell and that of a squid giant axon observed in the absence of external sodium 
(Hodgkin & Huxley, 1952a). 

To examine the effect of sodium lack in the present cell the behaviour of the 
cell membrane was observed in choline sea water or sucrose sea water. The 
spike height showed a great decrease after immersion for 60 min or longer in 
these solutions. The decrease of the spike height always accompanied a corre- 
sponding decrease of initial surge obtained by voltage clamp technique, while 
no clear change was observed in the rectification of the membrane. Recovery 
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was usually observed when the external choline or sucrose solution was 
replaced by normal sea water. The behaviour of the present nerve cell in the 
sodium-free solution is, therefore, similar to that of the squid giant axon. 
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Fig. 5. Effect of urethane 2% on the cell membrane. Membrane currents associated with 
rectangular membrane potential changes in the normal cell are shown in Al, and those 
obtained after the application of urethane in A2; the magnitude of the membrane potential 
change from the resting level is indicated for each trace. Records B1 and B2 show the spike 
potentials corresponding to records Al and A2 respectively. V, voltage calibration of 100 mV ; 
C, currént calibration of 0-5 .A; blanking in record B1, 2 msec, is common for all the records. 
C, relation between the membrane potential change and the intensity of the membrane 
current at the peak of the initial surge (©) and at the steady state (@). The continuous 
curves indicate the relations obtained before, and the interrupted curves the relations obtained 
after the application of urethane. 

| Effect of TEA 

When TEA was applied to the cell the duration of the spike potential was 
markedly increased. The record in Fig. 6 A was taken with continuously moving 
film while the cell was stimulated by short outward current pulses at a fre- 
quency of one per second. The bar in the record indicates the period during 
which 0-5 ml. of TEA sea water was added to 2-0 ml. of normal sea water 
surrounding the preparation. In the final state, therefore, one-fifth of the 
sodium in the medium was replaced by TEA. A few seconds after the start of 
application of the solution the spike potential began to be prolonged. In 

30 sec or so the prolongation reached a steady state which depended on the 

final concentration of TEA. Occasional peaks on the spikes in the record are 

due to the superposition of the applied pulses on the spikes. At low con- 
centrations of TEA the change was a small decrease in the rate of fall of the 
spike potential. As the concentration increased the prolongation became more 
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was marked. Replacement of one-sixth of the sodium by TEA produced the 
the maximum prolongation. At room temperature (21° C) the maximum duration 
of the spike was 50-60 msec while that of the normal spike was less than 10 
msec. TEA did not change the resting potential of the cell. A small reduction 
of the spike height was usually observed and this depended on the final con- 
centrations of TEA and Na in the external medium. 

Besides a marked increase of the spike duration, TEA caused a typical 
change in the shape of the spike. The membrane potential fell at an extremely 
slow rate immediately after the peak and thus formed a plateau. The plateau 
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_ Fig. 6. A, spike potentials produced by a succession of short outward current pulses at 1 /sec 

ae during the addition of TEA sea water (0-5 ml.) to the external normal sea water (2-0 ml.). 

ee The bar indicates the period of mixing the solutions. Initial rapid peaks seen in some of 

site prolonged spikes were due to the applied current pulse which flowed in the early phase of 
the spike. Voltage calibration, 100 mV; time calibration for each trace, 5 msec. B, spike 
potentials (upper trace) of the TEA-treated cell produced by relatively long outward current 

vas pulses (lower trace). Voltage calibration, 100 mV; time calibration, 100 msec. 

ing { was terminated abruptly by a shoulder which was followed by a slight under- 

_ shoot. In other words, the spike potential became very similar to that of 

ing cardiac muscle (Weidmann, 1956). At low concentrations of TEA the plateau 

ter was sometimes preceded by an initial rapid fall from the peak just as in the 

the spike potential of the mammalian Purkinje fibre (Draper & Weidmann, 1951). 

of } However, in such cases the spike duration was usually not very long. Similar 

In prolongation of the spike potential by TEA has also been reported for verte- 

he brate myelinated nerve fibres (Lorente de Né, 1949), for crustacean muscle 

are fibres (Fatt & Katz, 1953), vertebrate muscle fibres (Hagiwara & Watanabe, 

-. 1955) and for the squid giant axon when TEA is injected internally (Tasaki & 

he Hagiwara, 1957). 


pe ae Prolonged steady currents in the outward direction produced repetitive 
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spikes in TEA just as in normal solution (records in Fig. 6B). However, at a 
certain intensity the fall of the first spike potential from its shoulder became 
incomplete and this was followed by spike potentials of smaller duration and 
amplitude (Fig. 6, B2). With higher current intensities the plateau of the first 
spike continued as long as the current lasted (Fig. 6, B3). 


> 


> 


E02 


Fig. 7. Current—voltage felations Of the TA-treated cell membrane; 1/5 of the Na in the 
external medium was replaced by TEA. Al, membrane currents associated with rectangular 
membrane potential changes; the magnitude of the potential change from the resting level 
is indicated for each trace; right and left columns were obtained with different sweep speeds. 
Time calibration, 25 msec for both. A2, spike potential (lower trace) produced by a short 
outward current puise (upper trace); blanking in the potential trace, 5 msec. Records | and 2 
were obtained from the same cell. V, voltage calibration of 100 mV; C, current calibration 
of 0-5 wA. Records in Fig. 2A and in Fig. 6A were obtained with the same cell before and 
after applying TEA. B, relation between the membrane potential change and the intensity 
of the membrane current at the peak of the initial surge (O) and at the steady state (@). 
The continuous curves indicate the relations obtained before, and the broken curves those 
obtained after the application of TEA. 


The current-voltage relation obtained by the voltage clamp technique was 
strongly modified by the application of TEA. Figure7A, 1 shows records taken 
after replacement of one-fifth of Na in the external sea water by an equivalent 
amount of TEA. Records taken before the addition of TEA to this cell are 
shown in Fig. 2A, 1. The current-voltage relations obtained before and after 
TEA treatment are plotted in Fig. 7B. A small decrease of initial surge was 
observed in the presence of TEA. In contrast to this the current at the steady 
state was greatly decreased by TEA. The conductance and equilibrium potential 
of the membrane in the final state were examined by two-step voltage clamp 
technique and it was found that the smaller outward current at the steady 
state was not due to a change of equilibrium potential but to a smaller increase _ 
of the membrane conductance, even though the latter was larger than the 
resting membrane conductance. Although rectification showed a marked 
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decrease, no significant change was observed in the resting membrane resistance 
in the presence of TEA. 

The initial surge in a TEA-treated cell disappeared after addition of urethane 
while the final steady current stayed unchanged (Fig. 8B). In a few experi- 
ments TEA solution was applied to the nerve cell which had previously been 
narcotized by urethane. TEA diminished rectifying action of the membrane 
in the narcotized cell just as in the normal cell. These results show that the 


Fig. 8. Effect of urethane (2%) on the TEA-treated cell membrane; 1/4 of the Na in the medium 
was replaced by TEA. Membrane currents associated with rectangular membrane potential 
changes in the TEA-treated cell before (Al) and after (B1) the application of urethane. 
Records A 2 and B2 show the corresponding spikes. Blanking in the spike recordings, 20 msec; 
V, voltage calibration of 100 mV; C, current calibration of 0-2 uA. rf 


effect of TEA is mainly on the rectifying action. However, it is worth while to 
note here that a small but significant rectification is always present in the 
TEA-treated cell, even though it is much less obvious than in the normal cell. 


Abolition of prolonged spike potential 

When a weak pulse of inward current was passed through the membrane 
during the plateau phase of the spike potential of the TEA-treated cell, the 
membrane potential went down during the period of current flow. After 
termination of the pulse, the potential returned to the level which would have 
been attained had the pulse not been applied. When the pulse intensity exceeded 
a certain value, however, the membrane potential did not rise after the end of 
the pulse but went down to a level which was independent of the applied 
current. In other words, abolition of the rest of the spike potential occurred 
(Fig. 9B). When the current intensity was adjusted to threshold for abolition, 
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the membrane potential stayed at a constant level for a while and then went 
either up or down, as is shown by record B1 of Fig. 9. The threshold membrane 
potential for abolition rose continuously during the course of the spike 
potential. Although the abolition of the spike potential in the present nerve 
cell was ‘all-or-none’, the rate of potential change with which the membrane 
potential went either up or down depended on the intensity of current. 
Record B1 of Fig. 9 was taken by using current pulses of two different in- 
tensities, the one being just threshold intensity for abolition and the other 


Fig. 9. A, membrane currents of the TEA-treated cell obtained by the two-step voltage clamp 
technique. The upper trace shows the membrane current and the lower the membrane 
potential change. V, voltage calibration of 100 mV; C, current calibration of 0-2 4A; time, 
5 msec. Records in B show abolition of the prolonged spikes of TEA-treated cells produced 
by short inward current pulses applied at the plateau phase of the potential. Voltage cali- 
bration, 100 mV; time calibration, 20 msec. 


subthreshold. The membrane potential recovered at a faster rate in the latter 
case. In the experiments shown in Fig. 9A the membrane potential was 
shifted to various new levels at the moment when the membrane current 
reached zero during the first step of the voltage clamp. The potential level of 
the first step was about 50 mV. When the membrane potential of the second 
step was in a certain range, decrease of the potential inside the cell was 
associated with development of outward current and this corresponded to a 
negative membrane resistance. This negative value of resistance indicates that 
the membrane potential would go down automatically if the current supplied 
from the feedback system was terminated after the start of the second step of 
voltage clamp; in other words, abolition should occur. A larger negative 
resistance associated with the second step corresponded to a larger rate of fall 
in the abolition. The results are very similar to those already observed in 
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cardiac muscle (Weidmann, 1951, 1956), myelinated nerve fibre (Tasaki, 1956) 
and in the squid giant axon injected with TEA solution (Tasaki & Hagiwara, 
1957). 
Membrane change associated with hyperpolarization 

An inward current pulse hyperpolarized the cell membrane. The hyper- 
polarization developed with an approximately exponential time course and the 
final steady level depended on current intensity (Fig. 10, Al). When the 
current intensity was not very high, the current-voltage relation showed that 
the membrane resistance was constant, being about 2-5—4-5 kQ. cm?. However, 


Fig. 10. Current—voltage relations obtained with a hyperpolarized cell membrane. A, potential 
changes (lower trace) associated with rectangular inward current pulses (upper trace). B and 
C, membrane current (upper trace) associated with rectangular hyperpolarizations under a 
voltage clamp (lower trace). V, voltage calibration of 100 mV for all the records; C, current 
calibration of 0-5 uA for all the records; blanking in the potential trace, 20 msec and time 
calibration in B, 100 msec. 


for higher current intensities the potential change decreased after reaching a 
peak and attained a final potential level which was smaller than that expected 
rom the resting membrane resistance (Fig. 10 A 2). 

If the membrane potential was clamped to various large negative levels, the 
inward current increased enormously during the voltage clamp (Fig. 10(C). 
The current increased at a relatively slow rate and the effect remained for a 
long time after the membrane potential returned to resting level. This was 
examined by a second rectangular hyperpolarization at various times after the 
termination of the first potential change (not shown in the figure). If a suc- 
cession of potential changes of short duration was applied, the current intensity 
increased in the same way as if a single long hyperpolarization had been applied 
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(Fig. 9B). This also indicates that the effect lasted for a time after the potential 
change, Although the effect remained for as long as 1-3 sec after recovery of 
the membrane potential, the change of the membrane was completely 
reversible. 

To determine whether the large hyperpolarization set up an elevation of the 
membrane equilibrium potential or an increase of the membrane conductance 
the two-step voltage clamp technique was employed (Fig. 11B). The thicker 
curve in Fig. 11A gives the current-voltage relation at the steady state. The 
points A, B, C,...were obtained from the two-step voltage clamp technique. 
These points fit a straight line and the membrane conductance determined by 


B 
Potential change 


200 mV 100 


Membrane current 


Fig. 11. A, relation between the membrane current and the magnitude of hyperpolarization 
obtained at the steady stage (thicker curve); inward membrane current or hyperpolarization 
is negative on each axis. Records in B were obtained by the two-step voltage clamp technique; 
upper trace and the lower trace show the membrane current and the membrane potential 
change respectively. V, voltage calibration of 100 mV; C, current calibration of 0-5,A; 
blanking in the potential trace, 20 msec. 

the slope was about 30 times the resting conductance. The membrane equi- 
librium potential estimated from the intersect on the potential axis was 
slightly but significantly more negative than the resting potential. Since this 
change of the equilibrium potential tends to decrease the membrane current 
during hyperpolarization the increase of current found with hyperpolarization 
is due to an increase of membrane conductance. 

This increase of membrane conductance during hyperpolarization was not 
affected by application of urethane or TEA. Furthermore, the phenomenon 
does not seem to be due to any specific effect of chloride ions which might flow 
into the interior of the cell from the KCl-filled micro-electrode during the 
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application of the inward current, since there was no appreciable difference, 
either in the conductance or in the effective equilibrium potential, when a 
K,SO,-filled electrode was used. 


DISCUSSION 


The voltage-current relations obtained with the present nerve cell immersed 
in normal sea water are similar to those obtained with the puffer nerve cell 
(Hagiwara & Saito, 1957, 1959), myelinated nerve fibre (Tasaki & Bak, 1958; 
Dodge & Frankenhaeuser, 1958), and squid giant axou (Hodgkin et al. 1952; 
Hodgkin & Huxley, 1952a, 6, c, d) in the following points. The membrane 
current associated with a relatively large rectangular depolarization is charac- 
terized by two component currents. The initial transient surge correlates with 
the amplitude of the spike potential obtained in the absence of a voltage clamp. 
There follows an outward current which develops to a steady level with a 
certain delay and lasts as long as the membrane potential stays at a high 
depolarization level. The latter seems to be similar to the current associated 
with the delayed rectification in the squid giant axon (Cole, 1941; Hodgkin & 
Huxley, 1952¢d). 

As has been described above, the initial surge showed a marked decrease or 
even disappeared in the presence of urethane or in the absence of sodium ions 
in the external solution. However, urethane as well as sodium lack did not 
affect the rectifying action which was measured by the voltage-current rela- 
tion at the steady state of voltage clamp. Very similar changes were observed 
in the puffer nerve cell (Hagiwara & Saito, 1959) when the preparation was in 
poor condition, for example, with poor oxygen supply. Similar changes have 
been obtained with a squid giant axon immersed in a solution containing 
reduced sodium (Hodgkin & Huxley, 19525) and in the frog myelinated nerve 
fibre in the absence of external sodium, under narcosis as well as when 
refractory (Tasaki & Bak, 1958). Under these conditions there is commonly 
some decrease in the effective equilibrium potential and in the slope of the 
current-voltage relation at the peak of the initial surge. These changes in the 
initial surge correspond to the decrease of amplitude of the spike potential in 
the absence of a clamp. 

Although TEA does not change the resting membrane resistance it greatly 
diminishes the rectification of the cell membrane while the initial surge is not 
much changed. There is some indirect evidence for a similar decrease in rectifica- 
tion in the striated muscle fibre with TEA (Hagiwara & Watanabe, 1955). In 
the squid giant axon externally applied TEA acted similarly to choline, which 
is considered to be inert. However when injected internally TEA shows a 
definite tendency to decrease rectification (Tasaki & Hagiwara, 1957). The 
decrease of rectification is generally associated with the prolonged fall of the 


action potential obtained in the absence of a voltage clamp. 
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For a hyperpolarization of less than 150 mV there was no change in the 
membrane resistance, but when the amount of hyperpolarization exceeded this 
value a gradual decrease of membrane resistance occurred. A similar pheno- 
menon has been reported for Aplysia nerve cells by Tauc (1955) and also for 
spinal ganglion cells by Ito (1958). According to Hodgkin (1947) a similar 
decrease of hyperpolarization occurs at the membrane of the Carcynus nerve 
fibre during a strong inward direct current, and termination of the current is 
followed by a depolarization which is often associated with the so called 
‘Ritter’s tetanus’. From these results he suggested that an increase of simple 
leakage occurred at the membrane, probably due to some sort of break-down 
of the membrane by the strong inward current. However, in the present case 
although the conductance increases no such depolarization follows the ter- 
mination of current, presumably because the equilibrium potential is in the 
direction of a slight hyperpolarization. The change of equilibrium potential 
does not seem to be due to a specific effect of chloride ions which flow into the 
interior of the cell from the current micro-electrode. The insensitivity of the 
phenomenon to urethane indicates that it has no direct relation to the 
mechanism of excitation. Since TEA does not suppress the conductance in- 
crease of this type, the mechanism of the increase seems to be different from 
that of the one associated with the depolarization. 


SUMMARY 


1. Investigations were made on the nerve cell membrane of a pulmonate 
mollusc, Onchidium verruculatum. Two micro-electrodes were inserted into the 
same cell and the membrane properties were examined under various experi- 
mental conditions while the membrane potential or, current were controlled. 

2. The resting potential of the cell was 60-70 mV and depolarization beyond 
a certain value (20-30 mV) produced a spike potential with a peak voltage of 
80-100 mV which was followed by a positive after-potential. 

3. The membrane current of the clamped normal cell associated with a 
rectangular depolarization was characterized by a rapid initial inward surge 
followed by a slowly developing outward current. The former was associated 
with a conductance increase of the membrane to an equilibrium potential! 
which was 80-100 mV above the resting potential level, and the latter was 
associated with a conductance increase to an equilibrium potential which 
corresponded to a small hyperpolarization level. 

4. External application of urethane decreased the amplitude of spike 
potential as well as the initial surge, while the final outward current was not 
affected. Similar results were obtained in choline or sucrose sea water. 

5. External application of TEA increased the duration of spike potential. 
The characteristic change obtained by the voltage clamp technique was 
marked decrease of final steady outward current. 
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6. Brief inward pulses of sufficient size applied during the plateau of the 
TEA potential abolished the rest of the spike. 

7. An enormous increase of membrane conductance is associated with a 
hyperpolarization larger than about 150 mV. 


The authors wish to express their gratitude to Dr Y. Katsuki for his encouragements throughout 
the investigation, to Dr T. H. Bullock and Dr C. Edwards for their valuable discussions while 
preparing the manuscript, and to Mr Ogura and Mr Otori for technical assistance. The present 
work was supported by grants from the Rockefeller Foundation and the Ministry of Education in 
Japan. 
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SPATIAL TEMPERATURE GRADIENT AND 
THERMORECEPTOR STIMULATION 


By H. HENSEL anv INGRID WITT 
From the Department of Physiology, University of Marburg/Lahn, Germany 


(Received 10 April 1959) 


In 1951 Hensel & Zotterman (19514) sought to verify the hypothesis of spatial 
temperature gradients being the adequate stimulus for thermoreceptors. They 
recorded impulses in afferent fibres from cold receptors in the upper face of 
the tongue of the cat under normal and reversed gradient conditions brought 
about by cooling the tongue from the upper and lower surface, respectively. 
It was concluded that the stimulation of the cold receptors did not depend upon 
the direction or slope of any intracutaneous temperature gradient but simply 
on the cooling of the receptor layer. 

Since then the ‘thermocouple theory’, a new modification of the spatial 
gradient hypothesis, has been put forward (Lele, Weddell & Williams, 1954; 
Tyrrell, Taylor & Williams, 1954, 1956; Williams, 1958). According to this 
view, cold receptors are excited by a spatial temperature gradient between the 
superficial and the deeper layers of the epidermis, where arborizations of free 
nerve filaments are situated. Under isothermal conditions the nerve fibres 
will cease to discharge. The stimulation depends only upon the slope, not upon 
the direction of the gradient. Thus, cooling or warming the skin surface as 
well as cooling or warming the deeper layers will cause the same discharge of 
cold nerve endings, provided that the temperature gradient has the same 
magnitude. 

Williams (1958) considered Hensel & Zotterman’s experiments not conclusive 
to disprove the gradient or thermocouple theory. He wrote, ‘Unfortunately, 
the initial temperature of the surface of the tongue was chosen at 37° C, 
a temperature at which, as has been previously discussed, the cold fiber 
stationary discharge is virtually zero. The records in this paper are clearly 
compatible with the ionic thermocouple theory described above. In the 
opinion of the author, an experiment which would go far to prove or disprove 
the ionic thermocouple hypothesis would be to repeat Hensel and Zotterman’s 
experiment with the surface temperature at, say, 30°C at which the cold 
fiber stationary discharge is at a maximum; on cooling the surface, the station- 
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ary discharge should accelerate without interruption of the stationary dis- 
charge. On the basis of the ionic thermocouple theory, cooling of the lower. 
surface of the tongue would decrease the stationary discharge as that layer 
approached isothermality before increasing the discharge again, as the gradient 
was reversed—provided that the blood flow was not changed during the time 
course of these events.’ 


In the experiments presented in this paper, we followed Williams’s sug- 
gestion to repeat the gradient experiments with surface temperatures that 
caused a steady discharge of the cold receptors. 


METHODS 


The operative technique as well as the recording of temperature and the cold impulses from the 
lingual nerve of the cat has been described (Hensel & Zotterman, 1951 a; Hensel, 1953). The tongue 
was placed between two metal thermodes (Fig. 1), each of which could be circulated with water 
at various constant temperatures. A Plexiglass plate 1 mm thick was laid between the upper 
surface of the tongue and the thermode. On the one hand, the thermal conductivity of the plate 
(4:7 x 10-* cal/om.sec.°C) was high enough to keep the upper surface of the tongue at the constant 


Fig. 1. Design for thermal stimulation of the tongue from the upper and lower surface. a, ther- 
mode on the upper surface—arrows mark inflow and outflow of water; 6, Plexiglass plate; 
c, eress-section of the tongue, receptor layer on the upper surface; d, thermode on the 
lower surface; e, f, thermocouples. 


initial temperature desired; on the other hand, the thermal conductivity was so low that the tem- 
perature of the upper surface of the tongue will fall in consequence of the cooling of the lower 
surface. The temperatures of the upper and lower surfaces were recorded continuously by means 
of fine thermocouples. Filaments can be isolated from the lingual nerve which supply only the 
upper surface of the tongue, as can easily be demonstrated by thermal stimulation of the upper 
or lower surface, respectively. Only such nerve preparations were used for the experiments. 


RESULTS 
Figure 2 shows an example of a recording of the impulses in a thin nerve pre- 
paration containing two cold fibres. The upper surface of the tongue was kept 
initially at a constant temperature of 32-3° C, causing a steady discharge of 
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cold impulses. On cooling the lower surface of the tongue from 36 to 15° C, no | 


marked change of the impulse frequency is observed until the cold stimulus 
has penetrated the tongue. At this time, as the temperature of the upper 
surface starts to decline, the discharge is accelerated gradually. During the 
whole period of cooling no inhibition of the cold fibre discharge can be seen, 


Fig. 2. impulses from two cold fibres supplying the upper surface of the tongue, and temperature 
of both surfaces. A at constant temperature; B when cooling the lower surface. 


|Cooling lower surface 1 sec 
40 TEL 
i 
ec 
30 
| Rewarming 
40 Litt pep yy y L 
°C 35 
30 


Fig. 3. Impulses from a single cold fibre supplying the upper surface, and temperature of 
the upper surface when cooling and rewarming the lower surface of the tongue. 


especially not during the interval of time between the onset of cooling the 
lower surface and the fall of temperature of the upper surface, i.e. the time 
during which the temperature gradient in the receptor layer passes the zero 
value and becomes reversed. 

Complementary results are found during rewarming the lower surface. In 
the record in Fig. 3, showing the impulse discharge of a single cold fibre, only 
the temperature of the upper surface has been registered. Cooling the lower 
surface from 37 to 15° C leads to a similar acceleration of the discharge as is 
shown in Fig. 2. On rewarming the lower surface, the impulse frequency is 
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practically unchanged until the temperature of the upper surface rises again. 
At this moment, the discharge disappears. During the first 2 sec after re- 
warming the lower surface, as the spatial gradient again passes the zero value, 
no inhibition of the steady discharge occurs. On the contrary, the inhibition 
takes place just during the period of time at which the slope of the spatial 
gradient reaches its maximum, i.e. 3-10 sec after rewarming the lower surface 
(cf. Fig. 6). 


A B #0 
P 
surface \ 
= 
sk Frequency 
0 5 10 O 5 10 15 


Time (sec) 


Fig. 4. Impulse frequency of a single cold fibre supplying the upper surface and temperature of 
both surfaces of the tongue; A on cooling and rewarming the upper surface; B on cooling and 
rewarming the lower surface. 


By cooling the upper and lower surfaces, respectively, it is very easy to 
demonstrate that the nerve endings are situated only in the upper surface of 
the tongue (Fig. 4). Cooling the upper surface leads to a rapid increase in 
frequency, with a latency of less than 0-2 sec, and rewarming causes the 
discharge to stop immediately. On cooling the lower surface the steady dis- 
charge remains at the same level and then rises continuously after 1-5-2 sec, 
as soon as the temperature of the upper surface decreases. Rewarming the 
lower surface abolishes the discharge, but not until the rise of temperature has 
penetrated the tongue and reached the upper surface. 

In the example shown in Fig. 5 the initial steady frequencies of a single cold 
fibre from the upper surface of the tongue were kept at values of 0-5, 2-5, 3-0 
and 5-4 impulses/sec. At each steady discharge, cooling of the lower surface— 
with decrease and reversal of the spatial temperature gradient—caused a 
gradual increase in frequency, as the temperature of the upper surface started 
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Fig. 5. Impulse frequency of a single cold fibre supplying the upper surface of the tongue on 
cooling the lower surface. The constant initial temperatures of the upper surface were kept 
at the following levels: A 32-3, B 33-4, C 33-8, D 34-5° C. 
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Fig. 6. Slope of the spatial temperature gradient d@/dz at various depths x of the tongue as 4 
function of time ¢. At ¢ = 0 a rectangular temperature change of 1° C is applied to the 
surface (x = 0). The curves are calculated for the depths z = 0-05, 0-1, 0-2, 1-0 and 1-5 mm, 
on the basis of a thermal diffusion coefficient of 0-0014 cm*/sec. 
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to fall. {m the experiments performed so far we observed only a continuous 
acceleration of the steady discharge of the cold receptors from the upper 
surface during cooling of the lower surface of the tongue. Neither an inter- 
ruption nor @ transient decrease in frequency of the discharge was seen. 

Figure 6 shows the slope of the spatial temperature gradient d6/dz at various 
depths z of the tongue as a function of time on applying a sudden change of 
temperature to the surface (cf. Hensel, 1952, p. 188). For the depth of the 
cold nerve endings values ranging between 0-05 and 0-2 mm would be reason- 
able. The curves are calculated on the basis of a thermal diffusion coefficient 
of 00014 cm*/sec, which corresponds well with measurements in the tongue 
(Hensel, Strém & Zotterman, 1951). 


DISCUSSION 


The results demonstrate clearly that cooling the tongue accelerates the steady 
discharge of the cold fibres independently of the slope and the direction of the 
spatial temperature gradient. The impulse frequency will rise even if the slope 
of the gradient decreases or becomes zero. Vasoconstriction due to cooling, 
though unlikely during the first few seconds, might influence to some extent 
the quantitative values but would not fundamentally change the results and 
conclusions. Thus, the stimulation of the thermoreceptors is dependent only 
upon temperature and time, not upon any spatial temperature gradient. 

From a quantitative evaluation of the instantaneous temperature field 
in the tongue, as is shown in Fig. 6, it follows that the thermocouple theory 
is incompatible not only with the previous and present gradient experiments, 
but also with other facts of thermoreceptor physiology. One of the funda- 
mental observations which cannot be explained by the thermocouple theory is 
that cooling the upper surface of the tongue from, say, 37 to 36-8° C elicits 
a train of cold impulses, whereas warming from 37 to 45°C has no effect 
at all, in spite of a spatial gradient which is 40 times steeper than that 
during cooling. If the rise of temperature starts from a lower constant tem- 
perature, it inhibits and never accelerates the steady discharge. This in- 
effectiveness of warming to stimulate the cold receptors cannot be explained 
as the effect of vasodilatation, and hence, by isothermal conditions in the 
receptor layer, since on sudden warming the maximum slope of the spatial 
gradient is reached after less than 0-2 sec. This interval of time, of course, is 
too short for any vasodilatation. 

Neither can the ‘paradoxical’ stimulation of cold receptors at temperatures 
above 45° C be properly accounted for by the thermocouple hypothesis. From 
Fig. 6, one would expect the frequency of the paradoxical cold discharge to 
reach a maximum within 0-2 sec after rapid warming and then to decline 
gradually, as the slope of the gradient again decreases. The converse is true. 
As Dodt & Zotterman (1952) have found, the paradoxical cold discharge does 
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not start until 1-0-1-5 sec after warming the surface of the tongue. Then the 
frequency rises gradually during the following few seconds, whereas the slope 
of the spatial gradient is decreasing considerably. 

Observations on other thermosensitive receptors, such as the pit organs 
of Crotalus (Bullock & Diecke, 1956) or the ampullae of Lorenzini of Raja 
(Murray, 1955, 1959) and of Scyllium (Hensel, 1955a, 6, 1956), also speak 
strongly against the spatial gradient theory of thermoreceptor stimulation. 
For instance, the ampullae of Lorenzini exhibit a steady discharge dependent 
upon temperature even if the isolated preparation is kept under isothermal 
conditions. Williams (1958) excluded the ampullae from his theoretical con- 
siderations as not being ‘pure’ thermoreceptors. However, it is difficult to 
maintain the concept of a pure thermoreceptor in the strict sense of having 
no mechanical sensibility whatsoever. In fact, the ampullae (Hensel, 1956; 
Murray, 1957) can react to a certain degree to mechanical stimulation. On 
the other hand, ‘mechanoreceptors’ are sensitive to temperature changes 
(Hensel & Zotterman, 19516; Murray, 1956; Witt & Hensel, 1959). There- 
fore the definition of a thermoreceptor seems to be merely a matter of 
quantitative sensibility. In this respect the ampullae of Lorenzini are even 
more sensitive to cooling than the cold receptors in the tongue of the cat. 


SUMMARY 


1. Action potentials from single cold fibres supplying the upper surface 
of the tongue of the cat were recorded. 

2. Cooling the upper surface as well as the lower surface led to an un- 
interrupted acceleration of the steady discharge. It is concluded that the cold 
fibres are stimulated simply by cooling and not by the slope or direction of 
any intracutaneous spatial temperature gradient. 
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It has previously been shown (Dodge & Frankenhaeuser, 1958) that the nodal 
membrane of frog nerve fibres responds to stepwise changes of membrane 


potential with a flow of current strikingly similar to that which occurs in the 


squid giant axon (Hodgkin & Huxley, 1952a, b, c,d; Hodgkin, Huxley & Katz, 
1952). A cathodal step is associated with an initial transient current followed 
by a delayed lasting outward current. The variation of the amplitude of the 
initial current with membrane potential, the definite potential at which the 
initial current changes direction, the dependence of this potential on the ex- 
ternal sodium ion concentration, and the variation of the nodal action poten- 
tial with sodium concentration (Huxley & Stampfli, 1951), suggest that the 
initial current of the nodal membrane is indeed a sodium current, as it is in 
the squid giant axon (Hodgkin & Huxley, 1952). 

In the present investigation it will be shown that the effect of changing the 
external sodium ion concentration is quantitatively consistent with the idea 
that the nodal membrane, when depolarized, undergoes a transient large 
increase in its sodium permeability, that this permeability depends on the 
membrane potential, but not on the sodium concentration, and that the initial 
current is a flow of sodium ions moving passively down the electrochemical 
gradient for sodium. Further quantitative analysis of the voltage clamp data 
will be published later. 


METHODS 


Preparation. The experiments were made on large (25-30,.) single myelinated fibres dissected 
from the sciatic nerve of the clawed toad (Xenopus laevis), and were carried out at room tempera- 
ture (19-22° C). 

Solutions with two different sodium concentrations were used. Sodium was replaced by either 
choline chloride or sucrose in the solutions with low sodium concentration. The compositions of 
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the solutions were: (mm) ‘100% Na’—NaCl 112-0, KCl 2-5, CaCl, 2-0, NaHCO, 2-5; ‘37% Na’— 
NaCl 39-9, KCI 2-5, CaCl, 2-0, NaHCO, 2:5, choline chloride 72-1; ‘37% Na’—NaCl 39-9, KCl 2-5, 
CaCl, 2-0, NaHCO, 2-5, sucrose 144-2. 

Voltage clamp. The isolated fibre was mounted in a Perspex chamber which had four pools of 
Ringer’s solution separated by three transverse partitions, and the fibre was sealed with petroleum 
jelly at the partitions. Changes in the membrane potential of the node under investigation were 
measured with external electrodes by an amplifier system using negative feedback through the 
fibre. The membrane was clamped to rectangular step potential changes by a second amplifier 
system, as previously described in detail (Dodge & Frankenhaeuser, 1958). Fibres from Xenopus 
laevis were used for these experiments because the lower series impedance of the internode, due 
to the large fibre diameter, diminished the time of ‘ringing’ in the voltage clamp system. The 
resolution of the time course of the membrane currents was therefore increased compared to 
that attained with the fibres from Rana esculenta. In addition, it was much easier to maintain 
the Xenopus in uniformly good condition in the laboratory throughout the year. One artifact, 
not previously discussed, needs to be mentioned. When the fibre was enclosed in very tight petro- 
leum jelly seals, the apparent membrane capacitance of the node was observed to increase slowly 
during a long experiment to as much as ten times its value at the beginning of the experiment. 
Examination of such fibres with a microscope revealed signs of constriction at the site of the seals, 
which were easier to observe on the larger Xénopus fibres than on the Rana esculenta fibres, but 
which were present on both. These effects were diminished or absent when the seals fitted less 
tightly. Surface tension forces in the capillary, formed in the petroleum jelly around the fibre, 
may have distorted the myelin so as to increase the capacitance of the internode. A number of 
fate and waxes were tested without success in attempts to avoid this difficulty. The artifact did not 
have an appreciable effect on the ionic currents of a voltage-clamped node, but resolution of 
rapid changes in the ionic current at short times after a change in the membrane potential was 
lost in the large capacitative surge. Although the artifact was greatly reduced with looser seals, 
the resulting drift and noise in the potential measuring system, which vary inversely with seal 
resistance (Frankenhaeuser, 1957), were then disturbing. We therefore chose to use tight seals 
and to do the experiments quickly before the artifact became appreciable. 

Current calibration. The scale for the current measurements was calculated according to eqn. 
(1) in Dodge & Frankenhaeuser (1958): I,, = Vgp/AyZep- Vep was measured as the output of 
the feedback amplifier. AyZ,, was taken as 32 Q.cm* when the solution in pool E was cocaine 
_ Ringer’s solution, or as 22-5 Q.cm* when isotonic KCl was used. (These figures were obtained in 
the following way: the relation between axis cylinder diameter and outside diameter was assumed 
to be 0-6 (Rushton, 1951); the specific resistance of the axis cylinder was assumed to be 110 2.cm 
(Stampfli, 1952); the nodal gap width was taken as 2-5 x 10-* cm, since gap width was found 
to be independent of fibre diameter and this figure is the mean of measurements on 63 fibres; 
internodal length was taken as 0-23 cm, 0-30 and 0-15 being the extreme values observed ; the ratio 
of the resting nodal membrane resistance to the internodal resistance was measured as about 
3:1; the ratio of the nodal resistance when the node was in KCI to the internodal resistance was 
measured as about 0-75: 1.) 

Nomenclature. Potentials are given as inside potential minus outside potential, and outward 
current as positive. E is used for absolute values of potentials. V is used for potentials relative 
to the resting potential, thus V = E - E,. 


RESULTS 


The first aim of this investigation was to find out whether or not the equili- 
brium potential for the initial current could be identified with the sodium 
equilibrium potential. The sodium equilibrium potential (V\x,) should shift 
when external sodium concentration [Na], is altered, with a value predicted 
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by the well-known Nernst equation, provided that the measurements are made 
so rapidly that the internal sodium concentration remains unchanged during 
the measurement. 

The equilibrium potential for the initial current is here defined as the poten- 
tial at which the current record, after corrections for capacity current, starts 
with zero slope showing a hump neither of inward nor of outward current 
(cf. Hodgkin & Huxley, 1952a). It was first determined by interpolation 
between records taken close to the potential where the initial current reversed 
in direction, as in Fig. 1 for pulses between 114 and 171 mV. This method was 


mV 
171 


152 


10 mA/cm2 


L j 


0-5 msec 
Fig. 1. Records of membrane currents associated with cathodal step voltage changes. Traces 
superimposed during experiment. Potentials during step marked. Potential kept at V = 0 
for about 1-5 sec between steps; time and current calibration marked; outward current posi- 
tive (upward); temp. 22°C. Axon 3 in Table 1. 


tedious and in later experiments another method was as a rule adopted: 
the peak initial currents were plotted against the membrane potential during 
the step (see Fig. 2), and the steady-state currents for anodal pulses were 
also plotted. It was found that the equilibrium potential measured with the 
first method agreed to within 2 or 3 mV with the value obtained by noting 
where the straight line through the anodal points (interrupted line in Fig. 2) 
intersected the curve of the initial peak currents. This second method was 


133 
114 
95 
76 
57 
\ 38 


SODIUM CURRENTS IN MYELINATED NERVE 191 


based on the assumption that the non-specific leak current through the mem- 
brane was linearly proportional to the size of the potential step. Although this 
may not be strictly true, the agreement between the two methods showed 
that the second one was sufficiently accurate for practical measurements of 
the equilibrium potential. 
mA/cm? 
19 


+5 


10 


rh 


— 50 0 +50 100 mV 


Fig. 2. Peak initial currents plotted against the membrane potential during the step. From 
records of Fig. 1 and others taken at intermediate steps. A smooth curve is drawn through the 
plotted points. The interrupted line is extrapolated from records with anodal polarizations. 


The equilibrium potential (for simplicity called Vy,) was determined from 
voltage clamp runs with the appropriate solution surrounding the node under 
investigation. The solution was changed between the runs, and mean values 
were obtained in each experiment for Vy, and for the shift (AV,,) of Vy, 
(i.e. Vy, in solution with 100% Na minus Vx, in solution with 37% Na). In 
Table 1 these measurements are presented as obtained in six experiments. 
The theoretical value calculated from the Nernst equation for AVy, is 25 mV 
for the change 100% [Na], to 37% [Na],. The mean experimental value of 
20:9 mV was lower than the theoretical value, but there were two systematic 
errors, both of which had the effect of giving a measured value that was less 
than the true value. The first error was that caused by the attenuation in the 
voltage recording system (see Dodge & Frankenhaeuser, 1958, p. 81). This 
error certainly varied from experiment to experiment and was judged to be 
5-20%, ie. 1-4 mV. The second error was introduced because the amplifier 
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had to be rebalanced between the runs, except in Expt. 1, and the small 
hyperpolarization of about 3mV caused by the low sodium solution was 
neglected in this procedure. The conditions in Expt. 1 were exceptionally stable, 
because of particularly tight seals, allowing solution changes and clamp runs 
without any adjustment of amplifier balance; attenuation was judged to be 
negligible, and the clamp amplifier compensated automatically for the hyper- 
polarization in the low sodium solution. The AVy, of 24-4 mV obtained in this 
experiment therefore required no significant correction, while the other 
measured values were estimated to be 3-7 mV too low on account of the errors. 


TaBLe 
100% Na 37% Na 
Na Na Vy s.p. for AVx, 
Axon substitute (mV) (mV) (mV) (mV) 
l Choline 116-8 92-4 24-4 1-50 
2 Choline 130-6 109-5 21-4 0-95 
3 Choline 125-8 105-7 20-0 0-82 
4 Sucrose 130-5 112-5 18-0 2-25 
5 Sucrose 128-5 107-4 21-1 2-32 
6 Sucrose 125-4 105-0 20-4 0-75 
Mean 126-3 105-4 20-9 


The experimental shift of Vy, thus seemed almost to have the theoretical 
value of 25 mV. This indicated that the total membrane current at the time 
of the peak of the initial current was, almost exclusively, sodium current 
and a non-specific leak current that was proportional to the voltage step and 
was independent of sodium concentration. 

It was previously pointed out that a plot of the peak initial currents (in 
Rana esculenta fibres) against the potential during the step is essentially 
similar to a corresponding plot of the sodium currents in the squid fibre 
(Dodge & Frankenhaeuser, 1958). The most striking difference is that, for large 
pulses with a normal external sodium concentration, the current in the squid 
fibre is linearly proportional to the membrane potential (Hodgkin & Huxley, 
1952a), whereas the current plot is clearly curved in this region in the R. escu- 
lenta fibres (Dodge & Frankenhaeuser, 1958, Fig. 5). The Xenopus fibres 
showed a current-voltage relation (Figs. 2 and 5) very similar to that of the 
R. esculenta fibres. 

If the peak sodium conductance (9), defined as the sodium current divided 
by the driving potential for sodium, (g,, = Iy,/V —V ,), is calculated from the 
current-voltage relation, it is clear that 9, for a pulse of 180 mV would only 
be about 40-50% of gx, for a pulse of 65 mV. The sodium conductance- 
membrane potential curve thus had a maximum at about 65 mV and decreased 
appreciably at higher pulse amplitudes. An effect of this kind could appear if 
the ratio between the time constant with which sodium conductance is turned 
on, and the time constant with which the sodium conductance is inactivated, 
greatly decreases for large pulses, or, in other words, if inactivation for large 
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pulses were so rapid that the sodium conductance was largely inactivated 
before it was fully turned on. But 9, could also be derived in another way, 
by measuring the instantaneous conductance when the cathodal pulse was 
interrupted at the peak of the sodium current (see Hodgkin & Huxley, 
19526; Dodge & Frankenhaeuser, 1958, Fig. 9). Such measurements suggested 
that sodium conductance did decrease for 180 mV pulses to about 80% of its 
maximum value, but showed clearly that it was well above the 40-50% value. 

In the latter case the calculation of g,,, was based on the measurement of 
inward current only, whereas in the former case it was based on the measure- 
ment of inward currents at pulses smaller than V,,, and outward currents at 
pulses larger than Vy,. It is well known that simple semipermeable membranes 
show a kind of rectification such that the currents are larger at corresponding 
driving potentials (V—V,,) when the ions passing through the membrane 
move from a solution of high ionic concentration to a solution of low concen- 
tration, than when the ions move in the reverse direction. The ion concentra- 
tion in the membrane itself is larger, and the membrane conductance higher, 
in the first situation, and the rectification is explained by the different mem- 
brane concentrations (Goldman, 1943; Hodgkin & Katz, 1949; Teorell, 1949). 
The next step was, therefore, to check whether the ‘rectification’ at large 
pulses could be accounted for by some simple treatment that would take into 
consideration the concentration within the membrane. The ‘constant field 
equation’ as described by Goldman (1943) and by Hodgkin & Katz (1949) 
was applied to the data. The equation that was used is: 


exp {(E Ey,)F/RT} (1) 
exp{EF/RT}-1 
where I, is sodium current, E is absolute value of membrane potential at 
the time of measurement of current, E,,, is sodium equilibrium potential, [Na], 
is external sodium concentration, R is the gas constant, 7 the absolute tem- 
perature, F is the Faraday and P,, is the sodium permeability constant of the 
membrane. This equation is the same as eqn. 2-4 of Hodgkin & Katz 
(1949), rearranged for differences in nomenclature (V in their version equals 
—E in ours, and they defined positive current as inward whereas we took it 
as outward), and with the term for internal sodium concentration replaced 
according to the Nernst equation, i.e. [Na], = [Na], exp{—Ey,F/RT}. 
Equation (1) was inverted to give 


exp{EF/RT}-1 _ (2) 
FRE [Na], exp {(E—Ey,)F/RT}—1 


Thesodium permeability could then becalculated from the experimental data. 
Iy, and Vx, were measured, V was known for the applied pulses. E (= V+ E,) 


was required, but E, was unfortunately not always measured. Karlier measure- 
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ments on R., esculenta fibres (Frankenhaeuser, 1957) and occasional measure- 
ments on Xenopus fibres during this investigation indicated that the resting 
potential was about — 70 mV. This value was therefore used forthecalculations. 

The sodium permeability (Py,) was calculated by eqn. 2 for the peak 
currents of the voltage clamp records in Figs. 1 and 2, and the permeability 
was plotted against pulse amplitude V in Fig. 3. The Py,, as calculated in 
this way, reached a ceiling value and then decreased slightly at applied 
potentials exceeding about +130 mV; at pulse amplitude 180 mV it was as a 
rule about 80-90% of the maximum. A very satisfactory point was that 
measurements of the instantaneous currents gave a value of the permeability 
that was independent of the potential at which the instantaneous current was 


= 


0 50 100 150 mV 


Fig. 3. Sodium permeability as calculated from the continuous line in Fig. 2 with eqn. 2, 
plotted against pulse amplitude V. 


measured. This was not the case when the state of the membrane was defined 
by the sodium conductance (gy,). 

The next step in the analysis was to compare the peak initial currents in 
normal (100°% Na) Ringer’s solution with those in low [Na],. This is illustrated 
by Figs. 4, 5 and 6. In Fig. 4 are shown the membrane currents of three suc- 
cessive voltage clamp runs, A with 100° Na-Ringer’s solution, B with 37% 
Na, and C again with 100%. Inspection of the traces shows immediately that 
the inward currents are much smaller in low [Na], and that the traces at 
104 and 114 mV in A and C have a clear hump of inward current, whereas in 
B they have a hump of outward current. The value of Vy, was thus clearly 
shifted. In Fig. 5 the peak currents are plotted against V and E. A smooth 
curve was drawn through the experimental points of the two runs in 100% 
Na (Fig. 5A), and the sodium permeability was calculated from it with eqn. 2, 
by using an assumed value for the resting potential of —70 mV. The calculated 
values for the sodium permeability are plotted against V in Fig. 6. These 
values of P,,, computed from the peak initial currents in the 100% Na 
solution, may then be used according to eqn. 1 to compute the I,, — V curve 
in low [Na],. The only additional assumptions required are: (1) that the 
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inside sodium concentration does not change, and (2) that Py, undergoes the 
same variation with time and membrane potential in the two solutions, i.e. 
that P,, is independent of sodium concentration and of sodium current. The 
continuous line in Fig. 5B was calculated in this way from the currents in 
Fig. 5A. The agreement between the experimental measurements and the 


al 


10 mA/cm? 


0 0-5 0 0-5 msec 
Fig. 4. Membrane currents associated with cathodal step voltage changes of values as marked. 
A with node N, in 100% Na. B, 37% Na. C, 100% Na. Clamp runs taken in order A, B, C. 
Choline chloride used as Na substitute. Experiment on axon | in Table 1. Temperature 23° C. 


continuous line was striking. Such comparisons of the observed and calcu- 
lated currents were made for the other experiments reported in Table 1, 
and yielded similar results, which, however, were complicated by the facts 
that the observed shift in V,, was some mV less than the theoretical shift, 
and that the resting membrane potential changed a few mV between the two 
solutions. Discrepancies in the current-membrane potential relation were 
then no greater than could be accounted for by the systematic errors discussed 


above. In Expt. 1, which was chosen for illustration, these errors were judged 
13-2 
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+5F 
4 100% Na 
i 
50 
me 
a 
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a 
Vv 
—50 0 +50 100 mV 


Fig. 5. Peak initial currents of Fig. 4 plotted against V and E. A; + from Fig. 4A, © from 
Fig. 4C; continuous line drawn smoothly through experimental points; interrupted line 
from anodal polarizations. B; © from Fig. 4B; continuous line calculated from eqn. 1 
for 37% Na, and Px, as given by Fig. 6. 
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Fig. 6. Sodium permeability as calculated from eqn. 1 for currents given by continuous 


line in Fig. 5.A, plotted against voltage change during step. 
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to be negligible, probably as a result of the increased stability obtained by 
very tight seals. 

DISCUSSION 
A voltage clamp system for myelinated nerve fibres, which has a response 
stable and fast enough to control accurately the potential across a node of 
Ranvier, has made possible the measurement of the ionic currents that flow 
as a result of a change in the nodal membrane potential (Dodge & Franken- 
haeuser, 1958). These currents are seen to be similar to those of the squid 
giant axon membrane, which have been thoroughly analysed (Hodgkin & 
Huxley, 1952a, b, c,d; Hodgkin et al. 1952). 

The ionic currents in response to a cathodal step consisted in general of asmall 
step current proportional to the membrane potential change and to the resting 
nodal conductance, and of an initial transient current followed by a lasting 
outward current. The net membrane current at short times was inward over 
the range of voltage changes from 20 to 100 mV, and of sufficient magnitude 
to discharge the membrane capacitance at the observed rate during the rising 
phase of an action potential. When corrected for the step current the initial 
transient inward current was maximum for an applied pulse of about 65 mV, 
declining with larger pulses to be zero at about 120 mV. For still larger pulses 
the initial current was outward. Analysis of the similar phenomenon in the 
squid membrane revealed the initial current to be carried by sodium ions. The 
first step in the present analysis was then to identify the ionic species carrying 
the initial transient current. 

It was shown that the potential at which the initial voltage clamp current 
reversed its direction from inward to outward, was changed by 18-0-24-4 mV 
when the external sodium concentration was changed from that in the ‘normal’ 
Ringer’s solution (100% Na) to 37% Na. Nernst’s equation predicts a 
change of 25 mV for the sodium equilibrium potential with this change in 
concentration. The systematic errors involved in the measurements were 
estimated as described earlier (see Dodge & Frankenhaeuser, 1958) to be 
1-7 mV. After the measured values for AVy, had been corrected for these 
errors, it was clear that the agreement between the theoretical AV,, and 
the experimental AV, was sufficiently good to permit the conclusion that 
the initial permeability change was a reasonably specific increase in sodium 
permeability, at times not exceeding that of the peak of the initial current. 

Judging from earlier investigations (reviewed by Hodgkin, 1958) this 
finding was rather to be expected, since the membrane of the frog nerve fibre 
behaves like a sodium electrode at the time of the peak of the action potential 
(Huxley & Stampfli, 1951; Stampfli, 1956). ; 

The next step in the analysis was to try to find an expression for the sodium 
permeability that could be applied to the currents on the assumption that the 
permeability changed with a finite speed when the membrane potential was 


rl 
4 


198 F. A. DODGE AND B. FRANKENHAEUSER 


changed. The first expression that was tried was the sodium conductance, 
defined as gx, = Iy,/V—Vy,, since this expression has been so successfully 
applied to the squid fibre voltage clamp data. It was soon realized that this 
treatment gave one gxy,—V curve when gx, was calculated from the peak 
currents during cathodal pulses (i.e. from plots like Figs. 2 and 5), but a 
different curve when calculated from the instantaneous inward currents 
when the membrane was repolarized at the time of the peak of the sodium 
current. The former method gave lower values forg,, with large pulses than the 
latter. In the first case inward currents were measured for pulses smaller than 
Vy, and outward currents at pulses larger than Vy,, whereas in the second 
case only inward currents were measured throughout. It therefore seemed 
profitable to try to fit the data to an expression for permeability that takes 
into account the rectification shown by a simple membrane separating a solu- 
tion of high ionic concentration from one of low ionic concentration. 

The ‘constant field equation’ (see Goldman, 1943 and Hodgkin & Katz, 
1949) is based on simple assumptions and accounts for the rectification that 
is caused by the difference in ionic concentrations. The derivation of the 
constant field equation has been described by these authors and need not be 
repeated here. The assumptions on which the derivation is based will be 
given for the convenience of the reader: ‘(1) that ions in the membrane move 
under the influence of diffusion and the electric field in a manner which is 
essentially similar to that in free solution; (2) that the electric field may be 
regarded as constant throughout the membrane; (3) that the concentrations of 
ions at the edges of the membrane are directly proportional to those in the 
aqueous solutions bounding the membrane; and (4) that the membrane is 
homogeneous’ (cited from Hodgkin & Katz, 1949). Equation 1, p. 193, was 
derived directly from eqn. 2-4 in the paper by Hodgkin & Katz by the modi- 
fications already described. 

It has been shown (p. 195) that eqn. 1 accounts rather well for both the 
rectification and the relative current amplitudes in the two solutions, and 
furthermore it was found that the measured permeability was independent 
of the instantaneous potential at which it was measured. It was therefore 
clear that the state of the membrane could be rather well described in terms of 
the sodium permeability Py, as obtained from the constant field equation. 

It may further be pointed out that no additional assumptions were required 
to obtain the relation Iy,/I,, in two solutions with the concentrations 
[Na], and [Na], since this relation is: 


Iisa exp F/RT}—1 

Ie exp {(Ey, —E) F/RT}—1 
from eqn. 1 and is identical (if allowance is made for a difference in con- 
vention as to the polarity of the potentials) with eqn. 12 of Hodgkin & 
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Huxley (1952a), which they used for comparing the currents in different 


solutions. 

The sodium currents may be separated from the total membrane current by 
a procedure similar to that used by Hodgkin & Huxley (1952a). Comparison 
between two current records taken in two different [Na],’s showed some ‘cross- 
ing over’ of the traces, especially for large pulse amplitudes, indicating an 
apparent reversal of direction of Iy, at a fixed potential. The crossing over 
was of about the same magnitude as that shown in Fig. 5 of Hodgkin & Huxley 
(1952a). Since the time course of the sodium currents could also be measured 
from records of the instantaneous currents at repolarizations, this method 
was preferred for the experiments that will be reported subsequently. 

In summary, it may be said that the observed change in the sodium 
equilibrium potential was, within the range of experimental errors, predicted 
by theory, and that the constant field equation could be used to define the 
sodium permeability (P,,) without ambiguity. Sodium conductance (g,,) 
could not be used. 

SUMMARY 

1. Experiments with a voltage clamp technique were made on single 
nodes of Ranvier in myelinated fibres from Xenopus laevis. 

2. The initial membrane currents associated with step cathodal changes 
of the potential across the nodal membrane were measured and analysed. 

3. The equilibrium potential for the initial membrane current (Vy,) was 
shifted by 18-0-24-4 mV when the external sodium concentration was changed 
from the normal level to 37% of normal. 

4. The measured AVy, of 18-0-24-4 mV was close to the theoretical value of 
25 mV, when the systematic errors (1-7 mV) involved in the measurements 
were taken into account. 

5. Peak initial current plotted against membrane potential showed a curved 
line at large potentials, in contrast to the squid fibre currents where a straight- 
line relation has been found. This indicates a rectification in the membrane. 

6. The state of the membrane could not without ambiguity be defined by 
sodium conductance (gy,). 

7. Sodium permeability (Py), as described by the constant field equation, 
accounted rather well for the rectification and gave the same Py, —V curve 
for measurements at various instantaneous potentials. 

8. Px, was found to be independent of external sodium concentration and 
sodium current. 

9. It is concluded that the initial voltage clamp current was due to sodium 
ions moving passively in the electro-chemical gradient for sodium, as in the 
squid giant axon. 

This investigation was snpported by a grant from Stiftelsen Therese och Johan Anderssons 
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THE EFFECTS OF STIMULATION OF THE CAROTID BODY 
CHEMORECEPTORS ON THE PULMONARY VASCULAR BED 
IN THE DOG: THE ‘VASOSENSORY CONTROLLED 
PERFUSED LIVING ANIMAL’ PREPARATION 


By I. BURGH DALY* anp M. pe BURGH DALYt+ 


From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge, 
and the Department of Physiology, University College London 


(Received 17 April 1959) 


We have shown previously that stimulation of the carotid body chemoreceptors 
by venous blood usually caused a reflex decrease in pulmonary vascular 
resistance in lungs perfused at a constant blood volume inflow (Daly & Daly, 
19576). It was stated that the method used did not enable us to establish 
whether this effect was a direct reflex response of the pulmonary vascular bed 
proper, i.e. pulmonary vasodilatation, or was passive to reflex bronchial 
vasomotor changes causing an alteration in the distribution of blood between 
the bronchial and pulmonary vascular systems (Berry & I. de B. Daly, 1931). 
The only way of distinguishing between these two possibilities was to repeat 
the tests when no blood was flowing through the bronchial circulation. This 
paper describes, first, the experimental procedure carried out to achieve the 
necessary conditions to obtain unequivocal evidence for a reflex acting on the 
pulmonary vascular bed proper, and secondly, the results of an investigation 
carried out to determine whether the carotid body chemoreceptors exert any 
reflex control over this vascular bed. : 

The perfused living animal preparation in which the blood flow through 
the greater and lesser circulations was under independent control went some 
way to meet the necessary requirements (I. de B. Daly, Elsden, Hebb, von 
Ludany & Petrovskaia, 1942; I. de B. Daly, Eggleton, Hebb, Linzell & Trowell, 
1954). It was necessary, however, to modify the perfusion of the systemic 
circulation in this preparation for the following reasons. (1) When making 
tests of chemoreceptor stimulation in the absence of the bronchial circulation, 
i.e. at zero bronchial arterial pressure, the blood pressure in other parts of the 
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systemic circulation had to be maintained. For this reason the thoracic aorta, 
from which the bronchial arteries arise at levels T4-T8 (Berry, Brailsford & 
I. de B. Daly, 1931; Notkovich, 1957), was separately perfused. (2) Account 
also had to be taken of the fact that changes in systemic blood pressure them- 
selves cause alterations in pulmonary vascular resistance reflexly from the 
carotid sinus baroreceptors (Daly & Daly, 1957a). Thus it was necessary to 
have under control the pressure not only in the carotid sinuses but also in the 
aortic arch which itself might exert a reflex effect on the pulmonary vascular 
resistance. These conditions required separate perfusion of the carotid bifur- 
cation areas and of the aortic arch, whereby the pressure in each vasosensory 
area could be controlled. (3) Since constant conditions in the central con- 
nexions of the reflex arc had to be ensured, the cerebral circulation was 
separately perfused. (4) In order to exclude reflex effects occurring as a result 
of changes in pressure in the vascular bed of the abdominal aorta, this 
territory was also separately perfused. 

It will be seen from the design of the perfusion systems. (Fig. 1) that the 
gaseous composition of the blood perfusing each separate part of the systemic 
circulation was the same, with the exception of the blood to the carotid body 
chemoreceptors, the composition of which could be changed at will. The 
composition of the venous blood perfusing the pulmonary circulation remained 
constant. Thus, it will be evident that the reflexogenic areas were under 
separate control as well as the cerebral circulation, the remaining part of the 
systemic circulation and the pulmonary circulation. For these reasons we 
propose to call this kind of perfusion of the whole animal the ‘vasosensory 
controlled perfused living animal’ preparation. 

We were also concerned with another consideration, namely, that having 
excluded all known passive mechanisms affecting the pulmonary vascular bed, 
there remained the possibility that the observed active response may have been 
the result not of a primary reflex but of a secondary or even a tertiary reflex 
or humoral mechanism which was prepotent. Such a separation of a chain of 
biological events can be achieved in the ‘vasosensory controlled perfused 
living animal’ by maintaining constant the blood pressure in the various 
vascular territories under separate perfusion, with the exception of that which 
is under test for direct reflex vasomotor control. In practice this is achieved 
by compensating any change in perfusion pressure by adjustments to the 
output volumes of the perfusion pumps. 


METHODS 


Dogs varying in weight from 10-8 to 15-5 kg were anaesthetized with chloralose (0-1 g/kg intra- 
venously) after premedication with morphine hydrochloride (1 mg/kg subcutaneously). They were 
ventilated by means of a Starling ‘Ideal’ pump at a constant peak inflationary pressure which 
varied between 60 and 110 mm H,0 in different experiments (Konzett & Riéssler, 1940). During 
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expiration the lungs collapsed passively against a resistance of 20-30 mm H,0. Both phrenic 
nerves were crushed to minimize mechanical effects on the lungs. 

The method of simultaneous and separate perfusion of the systemic and pulmonary circulations 
was similar to that described by I. de B. Daly et al. (1942), and I. de B. Daly et al. (1954), but a 
modification was made in that both carotid bifurcation regions and also the aortic arch were 
isolated from the circulation and separately perfused. In regard to the remainder of the systemic 
circulation, the head, neck and upper limbs on the one hand and the vascular bed supplied by the 
descending aorta on the other were separately perfused. 


Perfusion of the carotid bodies and sinuses 

Reflex effects from the carotid bodies were elicited by temporarily changing the perfusate 
either from oxygenated blood to venous blood or from oxygenated blood to hypoxic blood. For 
this purpose both carotid bifurcation regions were isolated from the circulation by ligation of all 
branches of the common and external carotid arteries. The veins draining the carotid bodies were 
preserved (Chungcharoen, M. de B. Daly & Schweitzer, 1952). The carotid bodies were perfused 
through the common carotid arteries by means of a Sigmamotor pump (Sigmamotor, Inc. New 
York) with blood from a donor dog (No.1) anaesthetized with morphine (2mg/kg subcutaneously) 
and a mixture of chloralose (0-05 g/kg) and urethane (0-5 g/kg intravenously). The input side of 
the pump (P, in Fig. 1) was connected by means of a three-way tap a to the carotid artery of the 
donor, and to the right auricle via a cannula inserted through the right external jugular vein. The 
output side of the pump was connected through a warming coil (c) to the peripheral ends of the 
common carotid arteries of the recipient animal. Blood from the cannulated external carotid 
arteries was returned to a vein of the donor dog via a Starling type of resistance b by means of 
which the pressure in the carotid sinuses could be either maintained constant or altered at will, 
The carotid sinus pressure was measured with a mercury manometer. 

A change-over of perfusate from oxygenated to venous blood was achieved by turning the tap a 
through 180° from the position shown in Fig. 1 whilst the donor animal breathed room air. 
A change-over from oxygenated to hypoxic blood was achieved by changing the ventilation of 
the donor dog from room air to a gas mixture containing 5% O, and 5% CO, in N, whilst the 
tap a remained in the same position as that shown in Fig. 1. 


Perfusion of the systemic circulation 
The vascular bed of the descending thoracic aorta 

The aorta immediately beyond the origin of the left subclavian artery was tied and the vascular 
bed of the descending thoracic aorta which included the bronchial circulation was perfused, via 
T-cannulae inserted into the femoral arteries, by means of a Dale-Schuster pump (P,). The 
perfusion pressure was measured with a mercury manometer. 

The aortic arch was isolated from the circulation by tying, in addition to the ligature beyond the 
left subclavian artery, the ascending aorta just above the origin of the coronary arteries, the 
brachiocephalic and left subclavian arteries. The pressure in the aortic arch was controlled by 
means of a pressure-bottle filled with blood and connected to a cannula inserted into the left 
subclavian artery. The aortic arch pressure was therefore non-pulsatile; it was measured with 
a Frank membrane manometer. 

An alternative method of perfusion of the aortic arch is shown in Fig. 2A in which the arch 
pressure was identical with the cerebral arterial pressure (see below). In these experiments the 
brachiocephalic artery was not ligated. For the purpose of carrying out tests of chemoreceptor 
stimulation at zero bronchial arterial pressure when using either of these methods of aortic 
perfusion, the pump perfusing the vascular bed of the descending thoracic aorta was switched off. 

In a second alternative method in which the aortic arch was perfused by the cerebral perfusion 
pump, the aorta was tied immediately above the diaphragm instead of beyond the left subclavian 
artery (Fig. 2B). When it was necessary to perform tests of chemoreceptor stimulation during 
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temporary interruption of the bronchial circulation, the bronchial arterial and aortic arch 
pressures were reduced to zero—without affecting the cerebral perfusion pressure—by trans- 
ferring a clamp at point a (Fig. 2B) to point b. 


The cerebral circulation 

The head and right upper limb were perfused, via cannulae inserted into the central ends of the 
common carotid arteries, by a Dale-Schuster pump (P, in Fig. 1). The pressure was measured with 
& mercury manometer. The brain therefore received its main blood supply via the right vertebral 
artery. 
The input sides of pumps P, and P, were connected to the left auricle reservoir containing 
oxygenated blood. The blood after perfusing the systemic circulation returned through natural 
channels to the right auricle, the appendix of which was cannulated, and from thence into the 
right auricle reservoir (Fig. 1, RA). 


Perfusion of the lungs 
The lungs were perfused at constant blood volume inflow with venous blood from the right 
auricle reservoir by means of a Dale-Schuster pump (P,). The pulmonary arterial cannula was 
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passed through the wall of the right ventricle and tied into the main pulmonary axtery. In 
addition, a tape which gripped the pulmonary arterial cannula was tied round the ventricles 
immediately below the auriculo-ventricular groove, thereby putting the ventricles out of action. 
The left auricle was cannulated and blood returning from the lungs passed freely through wide- 
bore rubber tubing into the left auricle reservoir (LA). Pulmonary arterial pressure was measured 
by means of a Marey tambour. 


Equilibration of blood 

Another donor dog (No. 2) received morphine hydrochloride (1-2 mg/kg subcutaneously) and was 
bled to death from a femoral artery under local anaesthesia. The blood was heparinized ( Liquemin, 
Roche Products Ltd.) on the basis of 35-40 mg/kg. One-third of this dose was given intravenously 
before bleeding, the remainder being added to the shed blood. The lungs were removed from the 
body, transferred to a warmed Perspex tray and perfused through the pulmonary artery with blood 
drawn from the right auricle reservoir by means of a Dale-Schuster pump (P;). For equilibration 
of the blood in the reservoirs with O, and CO,, the blood was circulated through these lungs, 
ventilated with 7% or 10% CO, in O,, for about 1 hr before perfusion of the recipient animal was 
begun. Subsequently the perfusion system of these lungs was put in parallel with the perfused 
lungs of the recipient animal, as is shown in Fig. 1. 

The blood of donor dog No. 1 and of the recipient was rendered incoagulable with heparin 
(35-40 mg/kg body wt.). Two and sometimes three other dogs were bled to death from a femoral 
artery under local anaesthesia the evening before. The blood was heparinized and was used to fill 


Legend to Fig. 1 

Fig. 1. The ‘vasosensory controlled perfused living animal preparation’. Diagram showing the 
methods of perfusion of the vasosensory areas of the carotid bifurcations and aortic arch, 
of the brain, the remaining parts of the systemic circulation and the lungs; the lungs are not 
shown. The isolated carotid sinuses and bodies are perfused by pump P, via tap (a) with 
either oxygenated blood from the carotid artery (C_A) or venous blood from the right auricle 
(RA) of donor dog No. 1. Blood from the cannulated external carotid arteries is returned to 
the donor animal via a femoral vein. The pressure in the carotid sinuses is controlled by the 
Starling type of resistance (b). The aortic arch is isolated from the circulation hy tying the 
ascending aorta, the brachiocephalic and left subclavian arteries and the aorta immediately 
beyond the origin of the left subclavian artery. The pressure in the aortic arch is controlled 
by means of a pressure bottle (r) filled with blood and connected to a cannula inserted into the 
left subclavian artery. 

The brain is perfused by pump P, with blood from the left auricle reservoir (LA) via 
cannulae inserted into the common carotid arteries, pointing caudally. The vascular bed of 
the aorta beyond the origin of the left subclavian artery is perfused by pump P, via T-cannulae 
inserted into the femoral arteries. Blood from the systemic circulation drains via a cannula 
in the right auricle into the right auricle reservoir (RA). The lungs of the recipient animal are 
perfused through the pulmonary artery with venous blood from the right auricle reservoir by 
means of pump P,. Blood from the cannulated left auricle drains into the left auricle reservoir. 
Connected in parallel with the lungs of the recipient animal are the isolated lungs of donor 
dog No. 2. These lungs are perfused through the pulmonary artery by pump P, with blood 
from the right auricle reservoir; blood from the left auricle drains into the left auricle 
reservoir. M,, M,, M;, M,, M,, M, and M, are connexions to manometers measuring 
pressures in the different vascular territories. CA, carotid artery; FV, femoral vein ; LA, left 
auricle; RA, right auricle; PA, pulmonary artery; 4, three-way tap; ), Starling type of 
resistance; c, warming coil; X, tape tied round ventricles below auriculo-ventricular groove 
and embracing the pulmonary arterial cannula. The stippling represents venous blood. For 
further details see text. 
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the perfusion apparatus. All perfusion pumps and venous reservoirs were immersed in a thermo- 
statically controlled water-bath maintained at a constant temperature of 37-40°C in different 
experiments. 


Ri ebral \ b—> 


A B 


Fig. 2. Modified methods of perfusion of the aortic arch. A. Isolated aortic arch perfused from 
the cerebral perfusion pump (P, in Fig. 1) via the brachiocephalic artery. Remainder of 
perfusion systems as in Fig. 1. B. Aortic arch and thoracic aorta as far as level of the 
diaphragm perfused by cerebral perfusion pump (P, in Fig. 1). Pressure in the aorta (bronchial 
arteries) was reduced to zero by removing clamp at a and applying it at b. Remainder of 
perfusion systems as in Fig. 1. For details see text. 


Blood analyses 

Blood samples were taken from the recipient and donor animals during the course of each 
experiment. Oxygen and carbon dioxide contents were determined manometrically by the method 
of Van Slyke & Neill (1924). Duplicate values agreed to within 0-2 ml./100 ml. Haemoglobin was 
determined photometrically as cy thaemoglobin by the method of Stadie (1920) as modified 
by Wau (1922). Oxygen capacity was calculated from the haemoglobin concentration, on the 
assumption that 1 g haemoglobin combines with 1-34 ml. oxygen. 

Estimations of blood pH were performed anaerobically at room temperature with a Stadie glass 
electrode and either a Pye (Model 605, Pye Instrument Co.) or a Vibron (Model C 33 B, Electronic 
Instruments, Ltd.) pH meter. The apparatus was standardized before each determination by 
means of phosphate buffers of pH 7-2 and 7-4 at 20° C. The accuracy between duplicate samples 
was 0-01 pH units or better when estimations were carried out with either of the pH meters. In 
a few experiments each blood sample was determined in duplicate, using both pH meters, and the 
order of accuracy of the four estimations was again found to be the same. Measurements of blood 
pH made at ambient temperature were converted to the corresponding values of 37° C by using the 
temperature coefficient of Rosenthal (1948). 

Carbon dioxide tension was estimated from the observed values for carbon dioxide content, 
pH, haemoglobin content and percentage oxygen saturation, using the formula: 


co 


(Severinghaus, Stupfel & Bradley, 19562). The plasma CO, content (mm) was calculated by 
multiplying the value for whole blood by the factor ‘f’ read from the nomogram of Van Slyke & 
Sendroy (1928). The solubility factor S was read from the table of Severinghaus et al. (1956a), and 
the value for pK’ from the nomogram of Severinghaus, Stupfel & Bradley (19565). 
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Order of operative procedures 

The ‘vasosensory controlled perfused living animal’ preparation was made in four stages as 
follows: 

(1) The recipient and donor dog No. 1 were anaesthetized. The carotid bifurcation regions of 
the recipient animal were prepared for perfusion. At the same time the following blood vessels of 
the donor dog were cannulated: a carotid artery for connexion to tap a, a femoral artery for 
measurement of blood pressure (M,), the right external jugular vein for passage of a cannula into 
the right auricle for connexion to tap a, and a femoral vein for return of blood from the carotid 
sinuses of the recipient animal. 

(2) Artificial ventilation was then applied to the recipient animal and its chest opened by 
splitting the sternum in the mid line. After ligation of the internal mammary vessels, loose 
ligatures were placed on the following vessels: the main pulmonary artery, the ascending aorta, 
the aortic arch immediately beyond the subclavian artery, the brachiocephalic and left subclavian 
arteries. Meanwhile, donor dog No. 2 was bled to death from a femoral artery and after cannula- 
tion of the pulmonary artery and opening the left auricle to allow escape of blood during perfusion, 
its lungs were removed and transferred to the Perspex tray. The reservoirs and all perfusion 
pumps were filled with blood and perfusion of the now isolated lungs of donor dog No. 2 was begun 
for equilibration of the blood in the extracorporeal circulation. 

(3) Isolation of the carotid bifurcation regions of the recipient animal was completed by 
inserting cannulae in the common carotid arteries, pointing cranially, and in the external carotid 
arteries, pointing caudally. The connexions previously described were then made with donor dog 
No. 1 and perfusion of the carotid sinuses and bodies begun. 

(4) The central ends of the common carotid and also the femoral arteries of the recipient animal 
were cannulated and connected to pumps P, and P,, respectively. Wide-bore cannulae were tied - 
in the left and right auricles and connected to their respective venous reservoirs. The change-over 
of the recipient animal’s natural circulation to separate perfusion of the systemic and pulmonary 
circulations was then carried out (for details of this procedure, see I. de B. Daly e¢ al. 1942). 

(5) Having now established perfusion of the systemic circulation through the common carotid 
and femoral arteries, the aortic arch was isolated from the circulation by tying the ligatures on 
the ascending aorta, the aorta beyond the origin of the left subclavian artery or immediately above 
the diaphragm, and the brachiocephalic artery. The left subclavian artery was also ligated, a 
cannula being inserted into its caudal end and connected to the reservoir of blood (Fig. 1, r). 

The outputs of the two systemic pumps were adjusted initially so that the perfusion pressures 
lay between 100 and 140 mm Hg. Likewise the pulmonary arteria) pressure was adjusted to 
15-26 cm saline. 


RESULTS 
Gaseous composition of the perfusate 

It has been shown previously in the perfused living animal that the pH values 
of arterial blood are more acid than can be accounted for in terms of concentra- 
tion of carbon dioxide in the blood, a fact which was attributed to the high 
blood lactate concentrations (I. de B. Daly et al. 1954). In the present series 
of experiments the values for pH and carbon dioxide content were low, no 
doubt owing to a high blood lactate concentration, but the oxygen satura- 
tion of the blood was within normal limits (Table 1). These findings are not 
inconsistent with a metabolic acidosis. 

The carotid body chemoreceptors were stimulated by changing the perfusate 
either from oxygenated to venous blood or from oxygenated to hypoxic blood. 
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The changes in O, and CO, tension and in pH of the carotid body perfusate 
supplied by donor dog No. 1 are shown in Table 2. 


TaBiz 1. Values for the oxygen saturation, pO,, pCO, and pH of the arterial blood perfusing 
the ‘vasosensory controlled perfused living animal’ preparation 


O; 
Expt. Time* saturation po, pco pH 
No. (min) (%) (mmHg) (mm Hg) 
1 35 97 100 7-14 
2 38 90 67 37 7-25 
3 24 95 90 43 7-15 
4 70 94 92 73 6-96 
5 60 82 55 43 7-12 
6 63 79 63 68 7-09 
7 50 88 78 72 6-97 
8 41 89 72 52 7:16 
9 97 98 110 54 6-97 
11 22 95 88 49 7:17 
12 61 95 85 42 7°19 


* Time after start of perfusion. 


Tasiz 2. The values for pO,, pCO, and pH of the blood perfusing the carotid bodies. The carotid 
bodies were stimulated by changing the perfusate either from oxygenated to hypoxic blood (A) 
or from oxygenated to venous blood (B) 


No. of obser- po. pco 

expts. vations | (mm Hg) (mm Hg) pH 

A 3 5 Oxygenated blood 105 40-8 7-20 
(87-110) (86-43) (7-13-7-25) 

Hypoxic blood 25-6 38-0 7-28 
(22-33) (34-45) (7:25-7:32) 

B 6 9 Oxygenated blood 73-0 42-3 7-20 
(54-92) (37-54) (7-11-7-30) 

Venous blood 43-1 53-2 7-18 


(33-56) (44-69) (7-071-7-80) 
The open figures indicate the mean values, those in parentheses the range. 


Effects of stimulation of the carotid body chemoreceptors on pulmonary 
vascular resistance 

It has been shown previously (Daly & Daly, 19575) in the entire animal in 
which one or more lung lobes were ventilated and perfused under controlled 
conditions that stimulation of the carotid body chemoreceptors by venous 
blood caused a-decrease in pulmonary vascular resistance in seven experiments 
and an increase in one. In these experiments the bronchial circulation was 
intact. 

In the present experiments tests of carotid body chemoreceptor stimulation 
were made under the following conditions: (1) with the bronchial circulation 
perfused at normal levels of systemic arterial pressure; (2) with the bronchial 
arterial pressure reduced to zero, and (3) with the bronchial arterial pressure 
zero and at the same time the pressures in the remaining parts of the systemic 
circulation compensated against reflex changes. It should be pointed out that, 
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although the bronchial circulation is necessary for maintaining the viability 
of the pulmonary vasomotor nerves in the dog (I. de B. Daly & von Euler, 
1932), pulmonary vasomotor responses to electrical stimulation of nerves to 
the lungs can be obtained during cessation of the bronchial circulation for 
periods of 5-10 min (I. de B. Daly, Duke, Hebb & Weatherall, 1948; P. R. 
Allison & I. de B. Daly, unpublished observations). In the present experiments 
the periods of zero bronchial arterial pressure during tests of chemoreceptor 
stimulation did not exceed 5 min. It was again found that chemoreceptor 
stimulation caused changes in pulmonary arterial perfusion pressure. These 
changes in pressure, as in our previous experiments, can be evaluated in terms 
of changes in pulmonary vascular resistance, since the pulmonary arterial 
blood inflow volume and the left auricular pressure were maintained constant. 


TasLe 3. The effects of stimulation of the cartoid body chemoreceptors by venous or hypoxic 
blood on pulmonary vascular resistance with and without circulation of blood through the 
bronchial vascular system 

Response of pulmonary 
vascular resistance 


row 


Zero 
aortic arch Bronchial bronchial 


Expt. perfusion ; circulation arterial 
No. as in Fig. intact B.P. 
2 2A oa 0 
3 1 
4 l + 
6 l 0 +* 

8 l - 

1 

12 2B + 


+, —, 0 = increase, decrease, no change in pulmonary vascular resistance, respectively. 
* Response abolished by bilateral stellectomy. 


All the observed changes in pulmonary vascular resistance occurred inde- 
pendently of alterations in ventilation overflow volume and were therefore 
not passive to bronchomotor events. Furthermore, the pulmonary vascular 
resistance might have been influenced mechanically by the accompanying 
reflex increase in rhythmic movements of the thoracic cage. In all experiments 
this possibility was excluded by preventing such movements with deca- 
methonium iodide (Geigy, or Light and Co., 0-25 mg/kg intravenously). 

It was found that when blood was circulating through the bronchial vascular 
system stimulation of the carotid body chemoreceptors resulted in a decrease 
in pulmonary vascular resistance in four experiments (Fig. 3.4), an increase 
in two (Fig. 4A) and no change in one. These results are summarized in Table 3. 
Similar effects were observed whether the chemoreceptors were stimulated by 
venous or by hypoxic blood; they were reversed when oxygenated blood 
perfusion of the carotid bodies was restored. 
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The outstanding feature of these experiments was that, irrespective of the 
direction of change in the pulmonary vascular resistance caused by chemo- 
receptor stimulation when blood was circulating through the bronchial 
circulation, there invariably occurred an increase in pulmonary vascular 
resistance when a similar test was carried out at zero bronchial arterial pressure. 
Thus in three of the four experiments in which the initial response was a 
reduction in pulmonary vascular resistance, an increase now occurred (Expts. 3, 
9 and 12 in Table 3). In the two experiments in which an increase in pulmonary 
vascular resistance occurred with the bronchial circulation intact, the response 
persisted at zero bronchial artery pressure in one, and disappeared permanently 
in the other (Expts. 4 and 2 in Table 3). In Expt. 6, in which no change in 
pulmonary vascular resistance occurred with the bronchial circulation intact, 
an increase in vascular resistance appeared when the test was repeated at zero 
bronchial arterial pressure. In Expt. 8 a test at zero bronchial arterial pressure 
was not made. 

Figure 3 is taken from an experiment in which the initial response to 
stimulation of the carotid body chemoreceptors by venous blood with the 
bronchial circulation intact was a decrease in pulmonary arterial perfusion 
pressure, indicating a decrease in pulmonary vascular resistance (A). When 
the test was repeated at zero bronchial arterial pressure, which in this experi- 
ment was brought about by switching off the pump perfusing the vascular bed 
of the aorta caudal to the origin of the left subclavian artery, an increase in 
pulmonary vascular resistance occurred (B). Since these tests were made 
under conditions which exclude all other known passive effects, i.e. cardiac, 
respiratory, bronchomotor and left auricular pressure changes (see I. de B. 
Daly, 1956), it is concluded that carotid body stimulation causes reflex 
constriction of the pulmonary vascular bed proper. 

This vasoconstriction is the result of a primary reflex effect from the carotid 
bodies and is not dependent upon secondary reflexes or upon secretion of 
hormones formed elsewhere in the body. The evidence for this is as follows: 
(1) In some tests of stimulation of the carotid bodies, secondary reflex effects 
arising from concomitant changes in pressure in various vascular territories 
of the systemic circulation were prevented by compensation. This was achieved 
by adjustments to the output volumes of the pumps perfusing these vascular 
territories. It was found that the increase in pulmonary vascular resistance 
occurring at zero bronchial arterial pressure persisted under such conditions 
in which the pressures in the cerebral circulation, carotid sinuses, aortic arch 
and in the vascular bed of the descending thoracic aorta were maintained 
constant (Fig. 3). (2) The pO,, pCO, and pH of the blood perfusing the whole 
of the systemic circulation, with the exception of the carotid bodies, was 
unchanged during tests of chemoreceptor stimulation, and changes in gaseous 
composition of the blood could not, therefore, have been responsible for the 
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observed pulmonary vasomotor responses. (3) The pulmonary vascular 
responses might have been due to a reflex alteration in the rate of secretion of 
suprarenal medullary hormones. This was excluded because the responses still 
occurred during temporary cessation of perfusion of the vascular bed of the 
descending thoracic aorta. In tests of chemoreceptor stimulation carried out 
under these conditions, no hormones from the suprarenal glands could have 
gained access to the right auricle reservoir, blood from which is perfused 
through the lungs. 

We interpret our results as indicating that, when tests of chemoreceptor 
stimulation are made with the bronchial circulation intact, the change in 
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Fig. 3. Dog, 11-6kg. Morphine-chloralose. ‘Vasosensory controlled perfused living animal’ 
preparation. The aortic arch was separately perfused as shown in Fig. 1 and the pressure was 
maintained at 60 mm Hg. The mean carotid sinus pressure was maintained -constant at 
100 mm Hg. In A, B and (C, the carotid body chemoreceptors were stimulated temporarily 
by venous blood from the right auricle of donor dog No. 1. In B, the test was made at zero 
bronchial arterial pressure, the pump perfusing the vascular bed of the aorta beyond the 
origin of the left subclavian artery being turned off. The cerebral perfusion pressure was 
maintained constant. Note reversal of the response of the pulmonary arterial pressure in B. 
In this and in Fig. 4, B.P., femoral arterial blood pressure ; C.B.P., cerebral blood pressure; 
C.8.P., carotid sinus pressure; P.A.P., pulmonary arterial pressure; V.0.V., ventilation 
overflow volume. Time marker, 10 sec. 9" 
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pulmonary vascular resistance depends upon the algebraic sum of two effects: 
first, haemodynamic changes in the bronchial circulation which result in a 
passive alteration in pulmonary vascular resistance due to reflex changes either 
in systemic (bronchial) arterial pressure or in bronchial vascular resistance 
(I. de B. Daly, 1956); and secondly, a direct reflex effect on the pulmonary 
vascular bed proper causing an active increase in pulmonary vascular resistance. 

An attempt was made to trace the nervous pathways involved in the 
pulmonary vascular reflex, and in one experiment it was found that the 
increase in pulmonary vascular resistance occurring at zero bronchial arterial 
pressure on stimulation of the chemoreceptors was abolished by destruction of 
both stellate ganglia (Table 3). In other experiments the response disappeared 
before the crucial test could be carried out. 


The effects of the bronchial circulation on pulmonary vascular resistance 

Because between the systemic and pulmonary circulations there are com- 
munications via the bronchial system of vessels, a change in either systemic 
pressure or in resistance of the bronchial arteries and their communicating 
vessels due to bronchial vasomotor activity can be transmitted to the lesser 
circuit (I. de B. Daly, 1956). In this connexion it has been shown by Bernthal 
(1934, 1938) that stimulation of the carotid body chemoreceptors causes reflex 
vasoconstriction in the systemic circulation. This finding has been confirmed 
in the present experiments in that chemoreceptor stimulation invariably 
caused an increase in cerebral perfusion pressure and in the pressure in the 
remaining parts of the perfused systemic circulation (Figs. 3A, C, 4A, C). 
These changes in systemic perfusion pressure are accompanied by similar 
changes in bronchial arterial pressure, and probably also in bronchial vaso- 
motor tone because the bronchial circulation is part of the systemic circulation. 

That a rise in systemic (bronchial) arterial pressure per se affects pulmonary 
vascular resistance is shown in Fig. 4. In A and C, chemoreceptor stimulation 
caused a rise in systemic (bronchial) arterial perfusion pressure and in pul- 
monary arterial pressure. When, however, a similar test was carried out while 
the systemic blood pressure was compensated, a fall in pulmonary arterial 
pressure occurred (B). This suggests that the increase in bronchial arterial 
pressure causes a passive rise in pulmonary vascular resistance (Berry & I. de 
B. Daly, 1931). On the other hand, the reduction in pulmonary vascular 
resistance occurring in response to chemoreceptor stimulation at constant 
systemic (bronchial) arterial pressure cannot be attributed to an effect on the 
pulmonary vascular bed proper because this has been shown to cause a rise in 
pulmonary vascular resistance. Thus, by inference, the reduction in pulmonary 
vascular resistance (Fig. 4B) is due to a reflex change in bronchial vascular 
résistance. The balance between these two passive mechanisms on the one 
hand, and the active reflex response of the pulmonary vascular bed proper on 
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the other, probably varied from one experiment to another, and if so would 
account for the variable pulmonary vascular resistance responses which occur 
on stimulation of the chemoreceptors under conditions in which blood circulates 
through the bronchial vascular system (Table 3). 


Fig. 4. Dog, 2, 12 kg. Morphine-chloralose. ‘Vasosensory controlled perfused living animal’ 
preparation. The aortic arch was supplied with blood by the same pump as that perfusing 
the cerebral circulation (Fig. 2A). In A, B and C, the carotid body chemoreceptors were 
stimulated temporarily by venous blood from the right auricle of donor dog No. 1. In B, 
the mean pressures in cerebral circulation, the aortic arch and the vascular bed of the aorta 
beyond the origin of the left subclavian artery were maintained constant. Note reversal of 
the response of the pulmonary arterial pressure in B. 
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Changes in rate of the beating auricle 

In several experiments the right auricle continued to beat for several hours 
after beginning perfusion of the whole animal. It was found that stimulation 
of the carotid body chemoreceptors slowed the rate of beating and occasionally 
stopped the auricle. These effects occurred at constant carotid sinus and aortic 
arch pressures and when the pressure in the vascular bed of the descending 
aorta was maintained constant, but were abolished by division of both cervical 
vagosympathetic nerves. These results provide further evidence that the 
primary cardiac reflex effect of stimulation of the carotid bodies is to slow the 
heart (see Bernthal, Greene & Revzin, 1951; Daly & Daly, 19576; M. de B. Daly 
& Scott, 1958, 1959). 

DISCUSSION 

Aviado, Ling & Schmidt (1957) found in anaesthetized dogs that inhalation of 
5% or 10% O, in N, caused an increase in pulmonary arterial pressure in an 
innervated, blood-perfused lung-lobe preparation, ventilated independently of 
the other lobes. They concluded that this response was due, at least in part, to 
reflex pulmonary vasoconstriction initiated by hypoxic stimulation of the 
carotid and aortic chemoreceptors. Their claim is based on the indirect 
evidence that the rise in pulmonary arterial pressure occurring in response to 
hypoxia is abolished by division of the carotid sinus and aortic nerves. This 
means that the responses of the lung blood vessels before and after denervation 
were obtained on a different ‘background’ because the influence of the carotid 
sinus and aortic arch baroreceptors on the pulmonary blood vessels had been 
excluded as well (Daly & Daly, 1959). Furthermore, their interpretation that 
the pulmonary arterial perfusion pressure responses to hypoxia were due 
entirely to active nervous effects on the pulmonary blood vessels themselves 
cannot, in our opinion, be upheld, since neither passive bronchomotor effects 
nor the mechanical effects of changes in the volume of the thorax or heart on 
the pulmonary vascular resistance were excluded. In this connexion it should 
be mentioned that hypoxia of the whole animal causes movements of the thorax 
and diaphragm which in turn lead to passive changes in pulmonary vascular 
resistance. Unless these movements are prevented by widely opening the 
thorax and/or by administering a neuromuscular blocking drug, their effects 
on pulmonary vascular resistance cannot readily be distinguished from those 
due to active nervous influences. Another mechanism passively affecting 
pulmonary vascular resistance receives no mention in their paper, namely, 
haemodynamic changes in the bronchial vascular system. It is not clear from 
the description of their experiments whether or not the bronchial circulation 
to the test lung-lobe was intact. If intact, the observed pulmonary arterial 
perfusion pressure responses would have been complicated by the passive 
effects of the bronchial circulation which we have already described. On the 
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other hand, if the bronchial circulation in their experiments had been inter- 
rupted, and we suspect: this may have been so since they tied the broncho- 
spirometric tube securely into the bronchus of the perfused lung-lobe, which 
would include the bronchial arteries, then we are at a loss to understand how 
the functional activity of the nerves to the lungs remained unimpaired, since 
in our experience active pulmonary vasomotor nerve activity in the dog is 
dependent upon the integrity of the bronchial circulation (I. de B. Daly & von 
Euler, 1932; I. de B. Daly, 1956). It is felt that these points are worthy of 
mention because the pulmonary vascular bed is subjected to so many passive 
effects which must be eliminated before a response to a given stimulus can be 
interpreted as an active nervous effect on the pulmonary vascular bed proper. 
Thus, in the entire animal stimulation of a specific type of sensory receptor may 
lead to reflex cardiac, vasomotor, respiratory and humoral effects. Any one 
of these may in turn produce secondary responses by various mechanisms 
such as stimulation of other receptors, for example those situated in specific 
areas of the cardiovascular system, or a central action due to changes in 
cerebral blood gas composition or a direct peripheral effect of secreted hormones. 
In this way the initiation of one reflex may lead to a complex chain of biological 
events, so making the analysis of the primary reflex response a matter of some 
difficulty. 

In the ‘vasosensory controlled perfused living animal’ the problem has 
been simplified in that secondary reflex effects on the pulmonary vascular 
bed arising from receptors in the heart and systemic circulation have been 
eliminated, thereby enabling the examination of the primary reflex vascular 
responses to stimulation of the carotid body chemoreceptors. It should be 
mentioned that since the lungs were under controlled ventilation, the phrenic 
nerves cut and the chest widely opened, any respiratory reflexes which 
stimulation of the chemoreceptors may have elicited would have been 
ineffective in modifying the primary vascular responses, with the possible 
exception of an irradiation of impulses from the respiratory ‘centre’ to the 
vasomotor ‘centre’. Although in this paper we have described the effects of 
stimulation of the carotid body chemoreceptors on the pulmonary vascular 
bed under such controlled conditions, it is evident that the primary reflex 
responses of any vascular territory resulting from stimulation of other types 
of receptor can be analysed in a similar way (Daly & Daly, 1959). 

We have confirmed our previous findings (Daly & Daly, 1957 b) that stimula- 
tion of the carotid body chemoreceptors usually causes a reduction in pul- 
monary vascular resistance provided the bronchial circulation 1s intact. 
A similar response has never been observed in the absence of the bronchial 
circulation; on the contrary, an increase in vascular resistance has always 
oceurred, indicating that the direct reflex effect on the pulmonary vascular 
bed proper is vasoconstriction. 7 
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Evidence has been presented as to why, in those experiments in which blood 
is flowing through the bronchial vascular system, stimulation of the carotid 
bodies may cause a rise or a fall in pulmonary vascular resistance. These 
results are of interest in relation to those obtained by Daly & Daly (19575). 
In their experiments they found that the fall in pulmonary vascular resistance 
resulting from stimulation of the carotid body chemoreceptors was accom- 
panied by only slight changes in systemic (bronchial) arterial pressure. The 
counterpart of these results is found in the present experiments under condi- 
tions in which the chemoreceptors were stimulated while the systemic 
(bronchial) arterial pressure was held constant. 

The most likely explanation of this fall in pulmonary vascular resistance 
is a reflex alteration in resistance of the bronchial arteries and their com- 
municating vessels leading to a redistribution of blood between the bronchial 
and pulmonary vascular systems. When, however, large rises in systemic 
(bronchial) arterial pressure are allowed to occur, as in some of the present 
experiments, a rise in pulmonary vascular resistance takes place due to a 
passive mechanism, as was demonstrated by Berry & I. de B. Daly (1931). 

There is one further point which should be mentioned. We were not entirely 
satisfied that in every test the rise in pulmonary arterial perfusion pressure 
which accompanied a reflex increase in systemic arterial pressure, due to 
chemoreceptor stimulation, was the result of haemodynamic changes in the 
bronchial circulation. Daly & Daly (1957a) suspected that the distension of 
the aorta due to the rise in systemic blood pressure might compress the 
pulmonary artery and its branches and thus produce a rise in pulmonary 
arterial resistance. Although in the present experiments we took every 
precaution to eliminate this complication, it was not possible to do so in every 
experiment owing to the complex nature of the ‘plumbing’ in the thorax. 
This possibility, however, does not militate against what appears to us un- 
equivocal evidence that, at zero bronchial arterial pressure, and hence during 
collapse of the thoracic aorta—and in some experiments the aortic arch as 
well—carotid chemoreceptor stimulation caused a reflex constriction of the 
pulmonary vascular bed proper. 

In regard to the nervous pathways mediating the changes in pulmonary 
vascular resistance, Daly & Daly (19576) reported that, when the bronchial 
circulation was intact, the decrease in pulmonary vascular resistance occurring 
on stimulation of the carotid chemoreceptors persisted after destruction of the 
upper thoracic sympathetic outflow but was abolished by vagotomy or by 
atropine. In the light of our present experiments, which demonstrate the 
participation of the bronchial circulation in the production of this decrease in 
vascular resistance, our previous results could be interpreted as indicating a 
reflex vasodilatation of the bronchial circulation, since Bruner & Schmidt 
(1947) demonstrated the presence of bronchial vasodilator fibres running in 
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the vagus nerves. If this explanation is the correct one, then it is difficult, in 
view of our present findings, to understand why atropine or vagotomy should 
have merely abolished the decrease in pulmonary vascular resistance in 
response to chemoreceptor stimulation and not have reversed it to an increase 
in vascular resistance. No satisfactory explanation for this can at present be 
offered. The haemodynamic relationships between the bronchial and pul- 
monary vascular systems are complex and not yet fully understood. In this 
connexion, both the bronchial and possibly also the pulmonary circulation 
each have a dual innervation (Bruner & Schmidt, 1947; I. de B. Daly & Hebb, 
1952). Thus an alteration of the impulse discharge in either the vagal or 
sympathetic fibres to the lungs may affect the pulmonary vascular resistance 
passively through an action on the bronchial circulation, or actively by 
altering the calibre of the pulmonary blood vessels themselves. It is clear that 
further work is necessary to elucidate these mechanisms but it should be 
stressed again that whatever their nature, reflex changes both in bronchial 
arterial pressure and in bronchial vascular resistance have been ruled out in 
our experiments as a cause of the increase in pulmonary vascular resistance 
occurring on stimulation of the carotid body chemoreceptors. 

In one experiment of the present series we were able to demonstrate that 
the reflex vasoconstriction of the pulmonary vascular bed proper was dependent 
on the integrity of the upper thoracic sympathetic outflow. This finding is of 
interest because it could be inferred that, under certain conditions, the tone of 
the pulmonary blood vessels themselves is maintained by the sympathetic 
nervous system. These conditions pertain to those in which there is stimulation 
of the carotid body chemoreceptors, namely, hypoxia, hypercapnia and 
haemorrhage (for literature, see Heymans & Neil, 1958). 


SUMMARY . 


1. A perfused whole animal preparation has been devised in which the 
vasosensory areas of the carotid bifurcations and of the aortic arch, the brain, 
the remainder of the systemic circulation and the lungs were separately 
perfused. In this preparation it is possible to determine the reflex response 
in any given vascular territory occurring on stimulation of a specific type 
of receptor uncomplicated by the effects of secondary reflex and humoral 
mechanisms initiated by concomitant effects in other organs of the body as a 
result of the same stimulus. We propose to call this the ‘ vasosensory controlled 
perfused living animal’ preparation. 

2. When blood is flowing through the bronchial vascular system, stimulation 
of the carotid body chemoreceptors by venous or by hypoxic blood causes 
either an increase, a decrease or no change in pulmonary vascular resistance as 
indicated by the change in the pressure gradient across the pulmonary 
vascular bed at constant pulmonary arterial blood flow. 
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3. When the tests were repeated during temporary interruption of blood 
flow through the bronchial circulation, chemoreceptor stimulation invariably 
caused an increase in pulmonary vascular resistance. 

4. This response occurred independently of appreciable changes in lung 
‘hindrance’, in left auricular pressure and in pressure in the other parts of 
the systemic circulation. 

5. Itis concluded that carotid chemoreceptor stimulation causes constriction 
of the pulmonary vascular bed proper but that this response may be masked 
by @ passive mechanism, namely, haemodynamic events taking place in the 
bronchial circulation thereby altering the distribution of blood between the 
bronchial and pulmonary vascular systems. 


We wish to express our thanks to Mr 8. B. Cross, Mrs Jennifer Barrett and Miss Joan Cleugh 
for technical assistance; to Mr G. Bull for carrying out the blood analyses and to Miss Mary J. Scott 
and Mr D. R. Bacon for their help in the initial stages of the experiments. This work was supported 
in part by a grant from the Royal Society to one of us (M. de B. D.). During the period of this 
investigation, one of us (M. de B. D.) was in receipt of a Locke Research Fellowship of the Royal 
Society. 
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THE EFFECTS OF STIMULATION OF THE CAROTID SINUS 
BARORECEPTORS ON THE PULMONARY VASCULAR BED 
IN THE DOG 


By I. pp BURGH DALY* anp M. pk BURGH DALYT 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge, 
and the Department of Physiology, University College London 


(Received 17 April 1959) 


Daly & Daly (1957) found that stimulation of the carotid sinus baroreceptors 
by raising the carotid sinus pressure caused an increase in pulmonary vascular 
resistance, indicated by an increase in the pressure gradient across the 
pulmonary vascular bed at constant pulmonary arterial blood flow. They 
expressed the view that because this effect occurred after denervation of the 
lungs it was passive to the accompanying reflex fall in systemic blood pressure, 
giving rise to a redistribution of blood between the bronchial and pulmonary 
vascular systems (Berry & I. de B. Daly, 1931). They mentioned, however, 
that their experiments did not exclude the possibility of a direct reflex from 
the carotid baroreceptors on the pulmonary vascular bed proper, the existence 
of which could only be demonstrated unequivocally in a preparation in which 
it was possible to interrupt temporarily the blood flow through the bronchial 
circulation while tests of stimulation of the carotid sinus baroreceptors were 
carried out. The ‘vasosensory controlled perfused living animal’ preparation 
(Daly & Daly, 1959) meets not only this requirement but others necessary to 
control all known mechanisms which passively affect the pulmonary vascular 
resistance (I. de B. Daly, 1956). We have carried out experiments using this 
preparation, and in this paper evidence is presented that the pulmonary 
vascular bed proper is under reflex control from the carotid sinus baroreceptors. 


METHODS 
The results were obtained from the experiments described by Daly & Daly (1959). Dogs varying 
in weight from 10-8 to 15-5 kg were anaesthetized with chloralose (0-1 g/kg intravenously) after 
premedication with morphine hydrochloride (1 mg/kg subcutaneously). The method of simul- 
taneous and separate perfusion of the vasosensory areas of the carotid bifurcations and of the 
* Present address: University Laboratory of Physiology, Oxford. 


+ Present address: Department of Physiology, St Bartholomew’s Hospital Medical College, 
London, E.C. 1. 
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aortic arch, of the cerebral circulation, the vascular bed of the descending thoracic aorta and the 
pulmonary circulation, was the same as that described previously (Daly & Daly, 1959). 

Carotid baroreceptor reflexes were elicited by altering the mean pressure in the isolated perfused 
carotid sinuses. These changes in pressure were brought about by altering the pressure applied to 
the Starling resistance situated on the outflow side of the carotid sinuses. The baroreceptors in the 
isolated aortic arch were stimulated by raising the intra-aortic pressure (Daly & Daly, 1959). 


TaBLe 1. The effects of stimulation of the carotid sinus baroreceptors on pulmonary vascular 
resistance with and without the circulation of blood through the bronchial! vascular system 


Zero 
Bronchial bronchial 
Expt. circulation arterial 
No. intact B.P, 
l - 0 
2 
3 
7 -§ 
9 
12 


-,0 = decrease and no change in pulmonary vascular resistance, respectively. * In atropinized 
and vagotomized preparation. § Abolished by stellectomy. 


RESULTS 


It was found in seven experiments that when stimulation of the carotid sinus 
baroreceptors, by raising the mean carotid sinus pressure, was carried out 
whilst blood was circulating through the bronchial vascular system, a fall in 
pulmonary arterial perfusion pressure invariably occurred, This fall in 
pulmonary arterial pressure occurred under conditions in which the pulmonary 
circulation was perfused at a constant blood volume inflow and at a constant 
left auricular pressure, and was therefore interpreted as a reduction in pul- 
monary vascular resistance (Table 1 and Figs. 1 A, 2A, 2D). These changes 
occurred independently of variations in lung ‘hindrance’. 

The tests were then repeated during temporary interruption of the blood 
circulating through the bronchial vascular bed, to exclude the participation 
of passive effects on the pulmonary circulation proper due to changes in the 
bronchial circulation. In four out of five experiments in which this test was 
carried out at zero bronchial arterial pressure, a reduction in pulmonary 
vascular resistance was still obtained in response to carotid sinus distension. 
In the fifth experiment, the response was suppressed (Expt, 1 in Table 1, 
Fig. 2C). The typical response is shown in Fig. 1 B. The reduction in pulmonary 
arterial perfusion pressure after carotid sinus distension which occurred at 
zero bronchial arterial pressure cannot be attributed to changes in cerebral 
perfusion pressure, since this pressure was compensated during this test. Nor 
can the response be secondary to changes in aortic arch pressure which normally 
occur on stimulation of the carotid baroreceptors, because in this experiment 
the aorta was isolated and the pressure, maintained constant. From these 
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Fig. 1. Dog, 2, 14-0 kg. Morphine-chloralose. ‘Vasosensory controlled perfused living animal’ 

preparation. Pressure in the isolated aortic arch maintained constant at 70 mm Hg. In A 
and B, the mean pressure in the isolated perfused carotid sinuses was temporarily raised. 
In B, the test was made after switching off the pump perfusing the vascular bed of the 
thoracic aorta beyond the origin of the left subclavian artery so as to reduce the bronchial 
arterial pressure to zero. The cerebral blood pressure was maintained constant by adjustments 
to the output of the ‘cerebral’ perfusion pump. X, artifact. In this and in Fig. 2: C.B.P., 
cerebral blood pressure; V.0.V., ventilation overflow volume; C.S.P., carotid sinus pressure; 
B.P., femoral arterial blood pressure; P.A.P., pulmonary arterial pressure. 
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results we conclude that stimulation of the carotid sinus baroreceptors causes 
) a reflex dilatation of the pulmonary vasculaf bed proper. 

In one experiment the reflex pulmonary vasodilator response, which occurred 
at zero bronchial arterial pressure in response to raising the carotid sinus 
pressure, persisted after atropine and after division of the cervical vago- 
sympathetic nerves; it was abolished, however, by destruction of the stellate 
ganglia. In one further experiment stellectomy also abolished this reflex. 


( From these experiments it is concluded that the reflex is mediated through 
the upper thoracic sympathetic outflow. 


Fig. 2. Dog, 9, 10-8 kg. Morphine-chloralose. ‘Vasosensory controlled perfused living animal’ 
preparation. Aortic arch included in cerebral perfusion system (Daly & Daly, 1959, Fig. 2 A). 
A, B, C and D show the effects of temporarily raising the mean carotid sinus perfusion 
pressure. In A and D, the pressures in the aortic arch, cerebral circulation and in the vascular 
bed of the thoracic aorta beyond the origin of the left subclavian artery were uncompensated. 
In B, they were maintained constant by adjustments to the output of the pumps. In C, the 
test was made at zero bronchial arterial pressure, i.e. while the pump perfusing the vascular 
bed of the descending thoracic aorta was switched off. The cerebral and aortic arch blood 

Fi pressures were maintained constant. 
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Bronchial vasomotor reflexes 

The possibility of the existence of reflex bronchial vasomotor activity has 
been referred to in our previous paper (Daly & Daly, 1959). In one of the 
experiments described above (Fig. 2C) we obtained no evidence for a reflex 
effect on the pulmonary vascular bed proper, yet when blood was flowing 
through the bronchial circulation raising the carotid sinus pressure caused a 
reduction in pulmonary vascular resistance. This suggests that the reduction 
in pulmonary vascular resistance was passive to changes in the bronchial 
vascular system and could have been due to the fall in systemic (bronchial) 
arterial pressure resulting from systemic vasodilatation and/or changes in the 
resistance of the bronchial arterioles. It was shown, however, that the 
response still occurred when the expected fall in both cerebral and systemic 
perfusion pressures were compensated during the test (compare A and D with 
B in Fig. 2). This means that the reduction in pulmonary vascular resistance 
could not have been secondary to a change in bronchial arterial pressure, and 
the most likely explanation is that it was secondary to a reflex change in 
bronchial vascular resistance. 


Effects of stimulation of the aortic baroreceptors 

In one experiment the aortic baroreceptors were stimulated by raising the 
mean pressure in the isolated aortic arch. This resulted in a fall in systemic and 
cerebral blood pressures and a reduction in pulmonary vascular resistance. This 
latter response persisted when the test was repeated at zero bronchial arterial 
pressure and is therefore the result of a reflex dilatation of the pulmonary 
vascular bed proper. This reflex was abolished by bilateral stellectomy. It 
should be mentioned that the consistent reflex vasodilatation of the pulmonary 
vascular bed proper to stimulation of the carotid sinus and aortic arch 
baroreceptors occurred under the varying conditions of arterial blood pO,, 


pCO, and pH which have been described in the preceding paper (Daly & Daly, 
1959). 


DISCUSSION 


In a previous paper (Daly & Daly, 1957) it was found that when blood 
was circulating through*the bronchial vascular system, stimulation of the 
carotid sinus baroreceptors caused an increase, or more rarely a decrease, in 
pulmonary vascular resistance. These responses were not the result of a direct 
nervous effect on either the bronchial or pulmonary vascular systems because 
they persisted after denervation of the lungs. It was suggested that the 
increase in pulmonary vascular resistance was passive to the reflex fall in 
systemic (bronchial) arterial pressure by causing: a redistribution of blood 
between the greater and lesser circulations via the intrapulmonary 
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communicating channels of these two systems. On the other hand, in the 
present experiments when blood was circulating through the bronchial 
vascular system we consistently observed a reduction in pulmonary vascular 
resistance associated with the reflex fall in systemic (bronchial) arterial pressure 
on stimulating either the carotid sinus or the aortic baroreceptors. Further- 
more, after denervation of the lungs, imposed changes in systemic (bronchial) 
arterial pressure caused small and inconsistent changes in pulmonary vascular 
resistance. It would appear therefore that there is a fundamental difference 
between the type of preparation used by Daly & Daly (1957) and the ‘vaso- 
sensory controlled perfused living animal’ preparation, in respect of the passive 
effects on the pulmonary vascular resistance produced by changes in systemic 
(bronchial) arterial pressure. This recalls a statement made by Berry & I. de B. 
Daly (1931) that they were ‘unable to correlate the type of pulmonary 
arterial response to changes in aortic or bronchial arterial pressure with any of 
our experimental conditions’. Their expériments were performed on isolated 
lung preparations perfused through the pulmonary and bronchial circulations. 
A comparison of the present experiments with those of Daly & Daly (1957) 
reveals a similar state of affairs. 

Notwithstanding these obscure mechanisms which control the passive effects 
of the bronchial circulation on the pulmonary vascular resistance, our experi- 
ments clearly reveal that when these passive effects, and indeed all other known 
passive effects on the pulmonary vascular bed, are excluded, stimulation of the 
baroreceptors in the carotid sinus and aortic arch causes a reflex vasodilatation 
of the pulmonary blood vessels themselves. The implications of these results 
are of considerable interest in that they suggest that tonic sympathetic nerve 
impulses normally exert an influence on some part of the pulmonary vascular 
bed proper, and that these can be modified reflexly through the carotid sinus 
and aortic arch baroreceptors. . 


SUMMARY 


1. In the ‘vasosensory controlled perfused living animal’ preparation in 
which the regions of the carotid bifurcations and aortic arch, the brain, the 
remainder of the systemic circulation and the lungs were separately perfused, 
the carotid sinus baroreceptors were stimulated by raising the carotid sinus 
pressure. 

2. It was found that when blood was flowing through the bronchial vascular 
system, carotid sinus distension caused a reduction in pulmonary vascular 
resistance, indicated by the change in the pressure gradient across the pul- 
monary vascular bed at constant pulmonary arterial blood flow. 

3. When the test was repeated during temporary interruption of the blood 
flow through the bronchial circulation, the reduction in’ pulmonary vascular 
resistance still occurred. 
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4. This response occurred independently of changes in lung ‘hindrance’, 
in left auricular pressure and in the pressure in other parts of the systemic 
circulation, but was abolished by bilateral stellectomy. 

5. It is concluded that stimulation of the carotid sinus baroreceptors causes 
a primary reflex dilatation of the pulmonary vascular bed proper due to 
inhibition of sympathetic vasoconstrictor tone. 

6. Evidence is presented suggesting that carotid sinus baroreceptors 
reflexly control the bronchial vascular system. 


We wish to express our thanks to Mr 8. B. Cross, Mrs Jennifer Barrett and Miss Joan Cleugh 
for technical assistance; to Mr G. Bull for carrying out the blood analyses and to Miss Mary J. 
Scott and Mr D. R.. Bacon for their help in the initial stages of the experiments. This work was 
supported in part by a grant from the Royal Society to one of us (M. de B.D.). During the period 
of this investigation, one of us (M. de B. D.);was in receipt of a Locke Research Fellowship of the 
Royal Society. 
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THE INFLUENCE OF ADRENAL CORTICOIDS ON PHOSPHATE 
AND GLUCOSE EXCHANGE IN MUSCLE AND LIVER IN MAN 


By J. N. MILLS anv 8S. THOMAS 
From the Department of Physiology, University of Manchester 


(Received 24 September 1958) 


It has been shown previously that intravenous cortisol, or oral cortisone, 
causes a disappearance of inorganic phosphate from plasma, but that deoxy- 
corticosterone has no such effect (Mills & Thomas, 1957). The disappearance 
thus appears to be effected by glucocorticoids rather than by mineralocorti- 
coids. An attempt has now been made to locate the site of phosphate dis- 
appearance. Attention has been directed to two main metabolically active 
tissues, muscle, since venous blood from this tissue is relatively simple to 
obtain, and liver, since it is here that the major rapid changes in carbohydrate 
metabolism are said to be produced by adrenal glucocorticoids, The method 
mainly employed has been a comparison of the phosphate concentrations in 
blood or plasma entering or leaving these tissues. Measurements have also 
been made of the blood flow through muscle under the influence of cortisol. 
A preliminary account of these experiments has already appeared (Mills & 
Thomas, 19585). 
METHODS 


“Ten healthy male subjects aged 21-43 have been studied. The subject ate a light breakfast, but 
nothing thereafter, and at 11.30—12.00 hr (or earlier in two of the control experiments) sat down 


quietly while a nylon catheter was inserted into a deep vein of one forearm by the technique of: 


Mottram (1955). The position was checked radiologically after insertion of a metal wire whose 
length equalled that of the catheter. Into a superficial vein of the opposite forearm was inserted 
a distally directed nylon catheter or Guest cannula. When the catheters were in position, the 
subject remained seated in an easy chair for the remainder of the experiment, occasionally 
standing to void urine. Control experiments differed from those with steroids only in that no 
injection was given. 

Five minutes before beginning to collect a deep vein sample, an arterial occlusion cuff around 
the wrist was inflated to 200 mm Hg, and the sample was collected without venous stasis; Coles, 
Cooper, Mottram & Occleshaw (1958) have shown that blood thus collected is derived entirely from 
the deep tissues, consisting mainly of muscle. The blood was obviously considerably reduced as 
judged from the colour; on the four occasions when O, content was determined, it was 64, 72, 54 
and 38% saturated. The opposite forearm was heated by immersion in water at 45° C or over for 
at least 5 min before collecting samples, which will be referred to as arterial blood; these were 
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always bright scarlet. Two pairs of blood samples were usually collected before intravenous 
injection of hormones and further pairs of samples at intervals of 10-30 min for up to 3 hr; the 
more frequent sampling was used over the period when blood phosphate was expected to fall 
steeply. In order to avoid the period of spontaneous change in blood phosphate concentration, 
samples collected before noon were ignored. In six experiments no injection was given. In two 
of these only the initial pair of samples was collected, and in four, serial samples of ‘arterial’ and 
muscle vein blood were collected for 68 min to 44 hr. 

When hepatic vein samples were collected the technique differed in that the subject lay supine, 
and arterial samples were collected from an indwelling needle in the brachial artery. A cardiac 
catheter was introduced in the usual way through an antecubital vein and manipulated under 
radiological control until its end lay in a hepatic vein, usually the right. Since it was considered 
unwise to leave this catheter in situ for more than 14-2 hr, cortisol was injected before catheteriza- 
tion began and control venous samples were therefore not obtained, but two control ‘arterial’ 
samples were collected before hormone injection by puncture of a superficial vein of the heated 
forearm. 

After removal of a sample for phosphate estimation on whole blood, blood samples were 
centrifuged immediately and the plasma was carefully pipetted off. 

The hormones given, all intravenously and usually into one of the indwelling catheters, have 
been cortisol (hydrocortisone hemisuccinate, Upjohn, 133-7 mg, representing 100mg free alcohol, or 
EF Cortelan Glaxo, in the same dose); deoxycorticosterone (glucoside, Ciba, 30 mg); aldosterone 
(racemic, monoacetate, Ciba, either one injection of 0-5 mg or two of 0-25 mg at an interval of 
1} hr); and prednisone (as hemisuccinate, U-6140, Upjohn, 33-4 mg.). 

Blood flow through muscle was determined by the clearance of “Na, using the technique 
described by Kety (1949). Correction for recirculating isotope was made by control counts over 
a symmetrical position on the opposite limb. If it be accepted that **Na clearance is proportional 
to blood flow, then flow will be inversely proportional to half-clearance time. 


Analytical methods 
Inorganic phosphate, blood and plasma; Fiske & SubbaRow (1925). 
Glucose, plasma; Fujita & Iwatake (1931), and also in some later experimente by the glucose 
oxidase method of Middleton & Griffiths (1957). 
Oxygen and carbon dioxide in blood; Van Slyke & Neill (1924). 
In earlier experiments phosphate was determined in plasma, in later ones in whole blood. When | 
both measurements were made on the same sample, the blood concentration was about 4% less, 
which is probably largely referable to the smaller water content of whole blood. The concentration 
in both fell together under the influence of cortisol, indicating fairly rapid equilibration across 
the erythrocyte membrane. 

RESULTS 


The inorganic phosphate concentration in ‘arterial’ blood behaved in exactly 
the same way as that already described for plasma (Mills & Thomas, 1957). 
About an hour after injection of cortisol it fell steeply, reaching a minimal 
value in 2-3 hr. By contrast, when no injection was given, or when deoxycorti- 
costerone was injected, the concentration remained steady or rose slightly. 
Aldosterone also was ineffective (compare Figs. 1 and 2 with Figs. 6 and 8 of 
Mills & Thomas, 1957). 

The results of analyses of muscle-vein blood are shown in Figs. 1 and 2. 
Inorganic phosphate concentration in muscle-vein blood (or plasma) was 
below that in ‘arterial’ blood; it followed a parallel course in experiments in 
which arterial concentration did not alter much (controls, aldosterone, DOCG) 
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with sometimes a terminal narrowing of the A-V difference; when arterial 
concentration fell steeply (cortisol, prednisone), the muscle-vein concentration 
fell even more steeply, and the A-V difference widened. 

Detailed results of all experiments are given in Table 1. Initially, phosphate 
concentration in arterial exceeded that in muscle-vein blood, by 0-062mm + 
0-009 (s.z.M., 17 observations). In four control experiments, and after injection 
of aldosterone or deoxycorticosterone, this A-V difference changed little. 


TaB_E 1. Mean A-V phosphate differences across muscle and liver. Initial values are those before 
hormone injection. ‘After hormone’ are values when arterial phosphate concentration was 
falling rapidly (after cortisol or prednisone), or during the corresponding period after other 
hormones or in control experiments 

Mean A-V phosphate difference 
(mM) 


A 


No. of Period After hormone 
sets of of time Initial - A ~ 
Subject Injection observations covered muscle Muscle Liver 
A* _ cortisol 8 141 (14)§ 0-045 0-23 -- 
B cortisol 10 164 (26) 0-04 0-13 -- 
B cortisol 7 75 ( 45) 0-135 + 0-03 
Cy cortisol 4 — 28) +0-015 
G* _ cortisol 5 119 (9) 0-15 0-125 —- 
H cortisol 7 91 ( - 50) 0-10 0-02 
J cortisol 5 51 ( - 92) — 0-085t +0-01 
M* _ cortisol 8 170 (49) 0-045 0-205 _ 
M* _ cortisol 5 51 ( — 60) _ 0-115 - 0-02 
T* cortisol 5 174 (54) 0-075 0-21 pa 
T cortisol ll 242 (56) 0-055 0-115 —- 
A i 10 208 (24) 0-02 0-23 a= 
Cv aldosterone 8 173 (22) 0-12 0-06 
H aldosterone 8 174 (21) 0-05 0-055 _ 
M deoxycorticosterone 8 207 (23 0-04 0-08 — 
Cm  deoxycorticosterone 8 210 (27) 0-095 0-09 — 
A none 8 6 0-08 0-10 —- 
F none 5 247 0-07 0-05 — 
M none 3 68 0-075 0-065 
Ww none 4 100 0-065 0-10 
Bt none l 0-015 — 
T none l - 0-035 


* Analyses on plasma; all others on whole blood. ¢ Observations only began when fall in 
arterial concentration was almost complete. { A single pair of samples 68 min from the start. 
§ Figures in parenthesis indicate time after start when hormone was injected. 


Examples of each are shown in Fig. 1. The A-V difference likewise remained 
unaltered for about 1 hr after injection of cortisol or prednisone, which was 
usually carried out at about 13.00 hr. The arterial and venous concentrations 
then fell steeply and the A-V difference widened to 0-156 mm + 0-015 (8.E.M., 
10 expts.). This mean differs significantly (P < 0-01) from the mean initial 
A-V difference of 0-062 mm. A typical result is shown in Fig. 2 and all the mean 
A-V differences are included in Table 1. The mean A-V differences after cortisol 
and prednisone are calculated over the period when arterial concentration was 


falling linearly. In other experiments, when arterial concentration did not fall, 
15-2 
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the calculation is made over a corresponding period, namely between 1 and 
2hr after injection of the hormone, or after the initial samples when no A 
injection was given. In one exceptional experiment, on subject G, the A-V 
difference did not rise, but the initial A-V difference was very large, and was 
derived from only a single pair of samples; there was insufficient material to 


Subject F Control A 


= 


Subject H. Aldosterone 500 yg 


Blood phosphate (mM) 
T 


& 
i 


Subject M. Deoxycorticosterone glucoside 30 mg 


0-9 L l L L j 
0 1 2 3 


Time after injection (hr) 
Fig. 1. Phosphate concentrations in ‘arterialized’ (@) and in muscle-vein (©) blood before and 
after intravenous injection of aldosterone and of deoxycorticosterone, and in a control 
experiment without injection. 


126 
z= 
Hydrocortisone 
100 mg 1.V. 
E 08 
a 
14 15 16 17 “ 


Time (hr) 

Fig. 2. Plasma phosphate concentration in ‘ arterialized’ (@) and in muscle-vein (©) blood before 
and after intravenous injection of cortisol. The straight line fitted to the falling arterial 
concentration is used in calculating the rate of phosphate disappearance, and the shaded 
area in calculating the amount taken up by muscle, Subject B. 
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repeat the analyses, but this experiment has nevertheless been included in 
the means. 


The difference in the effect of cortisol and prednisone on the one hand, and 
aldosterone, deoxycorticosterone and control experiments on the other, can be 
brought out in two further ways. Table 2 shows the lowest inorganic phosphate 
concentration observed in muscle-vein blood in the course of each experiment, 
and the differences are notable; in several cortisol experiments the lowest 
concentration was found in the last sample collected, so the minimal value may 
have been reached after the end of the experiment. A further statistical 
calculation has been made of the results of those experiments in which pairs 


TaB_e 2, Minimal values of inorganic phosphate concentration in muscle-vein blood 


Minimal Minimal 
blood blood 


phosphate osphate 

Subject Injection (mm) Subject Injection ar mM) 
A cortisol 0-42 A prednisone 0-605 
B cortisol 0-68 Cv aldosterone 0-945 
B cortisol 0-70 H aldosterone 1-28 
G cortisol 0-79* Cm deoxycorticosterone 0-90 
HH cortisol 0-75 M deoxycorticosterone 0-96 
J cortisol 0-745 A none 1-13 
M cortisol 0-55* F none 0-92 
M cortisol 0-62* M none 0-95 
T cortisol 0-69* Ww none 0-88 
T cortisol 0-655 


* Analyses on plasma. 


of samples were collected before and after hormone injection, or in the second 
hour of control experiments. For seven cortisol and prednisone experiments 
the mean increase of A-V difference was 0-116 mm +0-031 (s.z.M.), whereas 
for eight experiments with no injection, or after injection of aldosterone or 
deoxycorticosterone, the mean increase was 0-001 mm+0-01 (s.z.m.). The 
difference between these means is highly significant (P < 0-01). 
The widening of the A-V difference as the arterial phosphate concentration 
falls suggests that uptake by muscle is a major cause of the fall of plasma 
concentration. Blood contains, however, much more combined than inorganic 
phosphate, and changes in inorganic phosphate concentration could be due 
merely to internal redistribution between these fractions. Before muscle can 
be held responsible for the changes it is therefore necessary to show that 
alterations in plasma or whole blood phosphate concentrations do not represent 
redistribution due to removal of 0, from blood, or to addition of COQ,. 
Blood samples removed by venepuncture were therefore equilibrated with 
different gas mixtures, and the phosphate concentrations determined. The 
results are shown in Table 3, and it will be seen that changes in gas tension 
produce only minor changes in phosphate concentration in whole blood, but 
that removal of 0, causes a rise of concentration in plasma, indjcating 
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presumably movement of phosphate out of erythrocytes. For this reason all 
our later determinations were performed upon whole blood. Changes of CO, 
tension over the physiological range were without apparent effect. 

Changes in A-V difference only indicate changes in muscle uptake if blood 
flow is unaltered. Muscle blood flow before and after cortisol injection has 
therefore been determined in a number of experiments, with the results shown 
in Table 4. In the first experiment, identical sites for “Na injection were used 


Tass 3. Changes in plasma and blood phosphate concentration produced by equilibrating 


blood with different gas mixtures 
Gas content Phosphate concentration 
(vol/100 ml.) (mm) 
Sample 00, 0, Plasma Blood 
42 9-1 1-16 — 
1 40 16-6 lll 
19-6 1-06 
32 3-5 1-35 1-18 
46 4:3 1-32 1-20 
52 19-6 1-23 1-23 


Half-clearance time 
Muscle After Flow after cortisol 
Expt. Subject group Control cortisol Control flow 
Upper arm 16-5 ll 15 
a 15 10-7 1-4 
1 T Thigh 23 25-8 0-9 
Shin 17 14-5 1-2 
Forearm 9-8 11-4 0-9 
2 A {Thiet 12-8 17-9 0-7 
Shin 16-2 22-0 0-7 
A Forearm 8-8 9-4 0-9 
3 G Forearm 14-5 16 0-9 
M Forearm 10-8 13-5 0-8 
T Forearm 13 11-2 1-2 


before and after cortisol, but a month elapsed between the two sets of observa- 
tions. In the second experiment cortisol was injected immediately after the 
first series of counts was completed, and the second series of clearance 
measurements was performed upon the symmetrical site on the opposite side 
of the body; background count over the original sites was reduced by the time 
of the second injections to the general background elsewhere over muscle. In 
the third experiment identical sites were used for isotope injections before and 
after injecting cortisol, namely the forearm muscles apparently drained by a 
muscle-vein catheter, but a larger amount of isotope was injected the second 
time, giving initial counts of 12000-18000 instead of 5000-7000 per half minute. 
This proved’ to be unnecessary, as background count over the injection site 
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was, by the time of the second injection, reduced to the level over the opposite 
forearm. 

The initial counting covered a period of 35-40 min, after which the count 
was too near background for accuracy, and the count after the second injection 


of isotope covered the period of 80-120 min after the injection of cortisol. 


This is the period when blood phosphate concentration is usually falling rapidly, 
with a large A-V difference. In Experiments 1 and 2 no measurements other 
than those of “Na clearance were performed; but in Experiment 3 arterial and 
muscle-vein blood was collected from subject T, and urine from subjects A 
and G. Analyses indicate that the period of blood flow estimation coincided 
with the period of rapid fall of blood phosphate or of phosphate excretion. 

Cortisol produced no consistent change in the muscle blood flow, which was 
subject to random variation similar to that recorded by other workers using 
the same method (Bishop, Donald, Taylor & Wormald, 1957), and smaller than 
that often observed by Mottram (1958) with a different method. 

In order to assess the contribution to phosphate exchange made by the liver 
and viscera draining into the portal vein (splanchnic viscera), blood samples 
were collected from the hepatic vein. Control samples were collected from two 
subjects, and after cortisol injection serial samples were collected from the 
hepatic vein and brachial artery of five subjects, together with muscle-vein 
samples from four of them. 

Owing to the delay of about 1 hr which elapses after injection before blood 
phosphate starts to fall, it was necessary to inject cortisol before starting 
catheterization, and the time occupied in introducing two catheters and an 
indwelling arterial needle was somewhat unpredictable. On one occasion 
(subject J) these operations were so slow that only the last 30 min of the fall 
in blood phosphate was observed; on another occasion (subject C) all tubes 
were quickly in position, but owing to a persistent nodal rhythm it was 
considered wise to withdraw them and only the first 30 min of the fall was 
observed; on the other three occasions samples were collected over a period 
of 50-90 min while blood phosphate was falling. The period covered in each 
experiment is indicated in Table 1, with the mean A-V differences from all 
experiments. The full results of one experiment are shown in Fig. 3. The A-V 
difference across muscle for subject J is less than usual, but blood phosphate 
concentration was already beginning to level out after its fall before sampling 
began. 

A-V differences across liver and splanchnic viscera were always very small, 
and in fact negative in two out of five experiments. These differences of sign 
between different subjects are probably significant, since the sign was the same 
for every A-V difference in one experiment: that is to say, the liver and 
splanchnic viscera in each subject either consistently absorbed, or consistently 
released, phosphate. Even if allowance is made for a liver blood flow nearly 
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double that through muscle, the effect of the liver and splanchnic viscera upon 
blood phosphate concentration must be small compared with the effect of 
muscle. We have only two values for phosphate A-V differences across liver 
and splanchnic viscera without hormone injection, +0-025 and —0-012 mm. 
Urine was collected from subjects injected with cortisol in three experiments 
of the present and fifteen of the previous (Mills & Thomas, 1957) series, As 
plasma phosphate concentration fell, the urinary excretion of phosphate fell 
too (Mills & Thomas, 1958a), so that the change in urinary excretion appeared 
to result from, rather than to cause, the fall of plasma concentration. After 
injections of aldosterone or deoxycorticosterone, which do not depress plasma 
phosphate, phosphate excretion does not fall (Mills & Thomas, unpublished 


observations). 
12 
11 
= Hydrocortisone 
£10F “400 mg Lv. 
2 
a 
E 
on 
0-6 
12 13 14 15 


Time (hr) 


Fig. 3. Plasma phosphate concentration in arterial (@), muscle-vein (©), and hepatic-vein (4) 
blood after intravenous injection of cortisol. The discontinuous line is the conjectured course 
of the arterial concentration over the period when no samples were collected. Subject M. 


Since the disappearance of phosphate from blood as it traverses muscle is 
promoted only by glucocorticoids, it seems possible that it is associated with 
the various phosphorylations involved in carbohydrate metabolism, as for 
instance in the first stage of glucose uptake. Plasma glucose has therefore been 
estimated, both as total ferricyanide-reducing substances and, in later experi- 
ments, by the specific glucose oxidase method. The mean results-are presented 
in Table 5. The figure for the initial A-V difference across muscle is the mean of 
all experiments, whatever the subsequent procedure. The mean figure after 
injection of cortisol includes experiments with hepatic vein catheterization, in 
which no samples were collected before injection of hormone. Since the initial 
A-V difference was widely variable, between 0 and 26 mg/100 ml., a further 
calculation (column 3) has been made of the mean change in A-V difference in 
the smaller number of experiments in which values before and after hormone 
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injection are available. It will be seen that the A-V difference across muscle 
tended to decline in the course of an experiment, whether or no cortisol or any 
other hormone was given. The hormones given do not appear to have influenced 
uptake of glucose by muscle. By contrast, arterial glucose concentration rose 
in all experiments after cortisol or prednisone injection, as was observed in 
many of the experiments of Mills & Thomas (1957); in control experiments 
and those in which aldosterone or deoxycorticosterone was injected, arterial 
concentration remained steady or tended to fall. Examples are shown in Fig. 4. 


TaBLe 5. Mean A-V differences in plasma glucose concentration (mg/100 ml.). For each subject 
a single mean difference was calculated from 1-4 pairs of blood samples before hormone 
injection, and a second mean difference from 3-6 pairs of blood samples while blood phosphate 
was falling rapidly after injection of cortisol or prednisone, or at the corresponding time in 
experiments with aldosterone or deoxycorticosterone and in controls. Values tabulated are 
the mean of results on all subjects, with number of experiments in parentheses 


AN V-A, 


muscle muscle liver 
Initial 10-0 (15) 
After cortisol or prednisone 5-2 (9) — 3-4 (5) 9-6 (4) 
After aldosterone 5-9 (2) — 3-6 (2) = 
After deoxycorticosterone 3-2 (2) {52 (7) — 4-0 (2) | -— 4-9 (7) — 
Controls 6-0 (3) 6-3 (3) 
140° 


Subject B. Cortisol 


Subject C. Aldosterone 


Plasma glucose concentration (mg/100 ml.) 
' 


60+ 
120 
[-—~_Subject F. Control Ferricyanide reduction 
Subject F. Control 
—1 0 1 2 


Time after injection (hr) 


Fig. 4. Plasma gl ‘60 tration in arterial (or ‘arterialized’) (@) and in muscle-vein (O) 


blood after intravenous injection of cortisol and of aldosterone, and in a control experiment 
without injection. Figures for hepatic-vein blood (4) are included in the cortisol experiment, 
and for analyses by the enzyme method in the control; other analyses were done by ferri- 
cyanide reduction. 
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The mean A-V difference estimated by the glucose oxidase method did not 
differ from that estimated by ferricyanide reduction. 

Many estimations were made of plasma K concentration. These will not be 
reported here, since we have observed no changes which we are willing to 
attribute to cortisol, and it may be that such changes as were observed form 
part of the diurnal rhythm described by Andres, Cader, Goldman & Zierler 
(1957). 

DISCUSSION 
Three points of special interest emerge from these observations. First, the 
inorganic phosphate concentration is consistently lower in blood draining 
resting muscle than in arterial blood. Secondly, when cortisol depresses 
arterial concentration, A-V difference across muscle widens notably. Thirdly, 
thé‘liver and splanchnic viscera contribute little to the changes of phosphate 
balance induced by cortisol. 

The loss of inorganic phosphate as blood traverses muscle, evidenced by a 
positive A-V difference, has persisted in control experiments for up to 44 hr 
despite a steady urinary loss and a stable plasma concentration. It is not 
known whether this loss is balanced by addition of inorganic phosphate by 
some other organ, or whether it represents conversion of phosphate into an 
esterified form. An increase in ester phosphate would scarcely be detectable 
against the high total phosphate concentration in blood without using specific 
methods of estimation. 

When cortisol depresses arterial inorganic phosphate concentration, the 
urine is not responsible for the loss, since excretion is less than before injection. 
The widening A-V difference across muscle, without consistent change in blood 
flow, makes it obvious that muscle is responsible for a substantial fraction of 
the loss. By making a few simple and reasonable assumptions, it is possible to 
calculate from the fall in blood phosphate concentration, and the A-V difference 
across muscle, the amount of phosphate disappearing from the extracellular 
fluid (e.c.f.), and taken up by muscle. 

If phosphate equilibration is fairly rapid throughout the extracellular space, 
as Kleiber, Smith, Ralston & Jasper (1949) found upon a much larger animal, 
the cow, the total inorganic phosphate content of blood and extracellular fluid 
is the product of the volume of this fluid, which will be referred to as b.e.c.f., 
and the phosphate concentration in plasma or blood. Loss of inorganic 
phosphate over any specified period is then found by multiplying this volume 
by the drop in blood concentration, giving values of 60—-120moles/min, or 
a total of 3-9 m-moles. 

Uptake by muscle is taken as blood-flow x A-V difference, and total uptake 
as A-V difference x area between plots of arterial and muscle-vein concentra- 
tion against time (Fig. 2). Thus calculated, muscle uptake accounts for a loss of 
70-190 »moles/min, or a total of 5--18 m-moles. If allowance is made for the 
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resting rate of loss in traversing muscle, then the extra loss ascribable to 
cortisol approximates to the total loss from blood and extracellular fiuid. 

The calculation of loss from b.e.c.f. involves a knowledge of the volume of 
this fluid, which has been taken as inulin space when known (subjects M and T, 
Longson, Mills, Thomas & Yates, 1956), or as 17% of body weight (Keith, 
1953), with an addition of 21. for erythrocytes. The calculations of loss in 
traversing muscle are less reliable, since it must be assumed that metabolic 
activity of forearm muscles is quantitatively similar to that of other muscles. 
Previous figures for flow (2-9 ml./100 g forearm muscle/min, Mottram, 1955), 
and for total body muscle mass (von Bardeleben, 1912), have been used. Very 
little skeletal muscle was active, presumably only the respiratory muscles, but 
the phosphate exchange here may well differ from that in resting muscle. The 
calculation would be invalidated if muscle blood flow diminished considerably 
after cortisol injection. The **Na clearances (Table 4) show, however, that any 
changes are modest in size and random in direction. Random changes of this 
magnitude have been observed by other workers using the “Na clearance, and 
larger random changes have been found by the plethysmographic method 
(Mottram, 1958). 

It has been assumed that the deep forearm vein from which blood was 
collected drains only muscle. Coles et al. (1958) have shown that samples 
collected in this way are uncontaminated with blood from superficial veins. 
Mottram (1955) calculates that 10% of the blood collected may come from 
tissues other than muscle, of which only bone would be expected to contribute 
appreciably to phosphate exchange. Since after cortisol injection much more 
than 10% of the inorganic phosphate content of arterial blood usually dis- 
appeared in transit to the deep forearm veins, bone could not be responsible 
even if blood emerged from bone totally devoid of inorganic phosphate. 

Many minor potential sources of error will also be apparent, but in general 
they lead to an underestimate of the contribution made by muscle. Taking 
into account all the possibilities of error in estimating inorganic phosphate 
exchanges, it seems that the amount lost in traversing muscle equals, or even 
exceeds, the total loss from blood and extracellular fluid after injection of 
cortisol. 

The contribution of liver and splanchnic viscera to phosphate exchange may 
be assessed quantitatively in the same way if one assumes a total liver blood 
flow of around 0-02 1./min/kg body weight (Bearn, Billing & Sherlock, 1951). 
This contribution was sometimes positive, sometimes negative, and always 
small. Its magnitude is uncertain, as it is derived from very small A-V 
differences. 

The phosphate changes we observed were induced by glucocorticoids and 
not by mineralocorticoids. The most consistent and rapid metabolic effect of 
glucocorticoids is an increase in liver glycogen (Long, Katzin & Fry, 1940; 
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Thorn, Koepf, Lewis & Olsen, 1940; Reinecke & Kendall, 1943). Our discovery 
that after injection of these steroids phosphate disappears from blood during 
its passage through muscle, and not through liver, was therefore most un- 
expected. No consistent changes in glucose uptake have been found to accom- 
pany the phosphate uptake, and at present the interconversions undergone by 
the phosphate, and its connexion with metabolic changes, are entirely unknown. 
It is not even known whether it is retained in muscle, or whether it is esterified 
or otherwise combined and returned to the blood in this form. The positive 
A-V difference which we have always found under control conditions suggests 
that the phosphate is returned to the blood in some combined form, but there 
are other possibilities: the total time span covered by our experiments is only 
from 12 noon to 5 p.m., and there may well be a movement in one direction at 
one time of day and a reverse movement at some other time, as has been shown 
for K by Andres et al. (1957). An abrupt disappearance of phosphate from the 
blood early in the morning is a familiar aspect of the diurnal renal rhythm 
(Stanbury & Thomson, 1951; Mills & Stanbury, 1952), but it is not known in 
what form or in what tissues the phosphate disappears, nor whether the 
changes are related to adrenocortical activity. 


SUMMARY 


1. Inorganic phosphate concentrations in plasma and in whole blood are 
approximately the same, and fall in a similar manner after intravenous 
injection of cortisol. | 

_ 2. Under control conditions, in the early afternoon, inorganic phosphate 
concentration in muscle-vein blood or plasma is below that in arterial blood 
or plasma. This A-V difference widens when the arterial concentration is 
falling after injection of cortisol or prednisone. In experiments without 
injection, or after injection of aldosterone or deoxycorticosterone, arterial 
concentration and A-V difference across muscle remain fairly constant. 

* 3. Calculation shows that uptake in muscle is roughly equal to the phosphate 
which disappears from blood under the influence of cortisol or prednisone. 

4. Inorganic phosphate, concentration in hepatic-vein blood is very similar 
to that in arterial blood when the concentration is falling after the injection 
of cortisol. The liver makes at most a minor contribution to phosphate 
exchange. 

5. Glucose concentration in arterial plasma usually rises after the injection 
of cortisol or prednisone, and remains constant or falls after injection of aldo- 
stérone or deoxycorticosterone and in control experiments. The A-V difference 
across muscle narrows somewhat in all experiments. 


6. The metabolic processes underlying phosphate uptake by muscle are 
discussed. 
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INTRAMUSCULAR PROPAGATION OF SENSORY IMPULSES 
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There is now overwhelming evidence of different kinds that in the Pacinian 
corpuscle there is no detectable propagation of impulses in the non- 
myelinated ending, either antidromic (Diamond, Gray & Inman, 1958a) or 
orthodromic (Diamond, Gray & Sato, 1956; Diamond, Gray & Inman, 19585; 
Loewenstein, 1958; Loewenstein & Rathkamp, 1958). Another point that 
seems to have been established is that the after-effects of an antidromic 
impulse on the ending are similar to those of an orthodromic one (Diamond 
et al. 19584). This was shown clearly earlier in the sensory cell of the crayfish 
stretch receptor (Eyzaguirre & Kuffler, 1955). 

If direct evidence could be obtained these properties would probably also 
be found in other visceral and somatic sensory receptors. However, at present 
it is only possible to obtain indirect evidence in these receptors. Such evidence, 
which happens to be conclusive in the present instance, has been obtained in 
muscle stretch receptors of the cat and is presented in this paper. The essence 
of the experiments lies in the procedure for determining intramuscular con- 
duction time accurately. This has been described briefly already (Paintal, 
1958). The basis of this procedure rests on the assumption that recovery of the 
ending following an antidromic impulse is identical with that following an 
orthodromic one. The experiments have shown that this assumption is correct. 


METHODS 


Experiments were carried out on adult cats anaesthetized with chloralose (80 mg/kg). The left 
hind limb of the cat was immobilized by transfixing the lateral malleolus with a steel pin, applying 
firm pressure on the pelvis and supporting the thigh. The sciatic nerve was exposed and a length 
of about 1—2 om of the lateral gastrocnemius-soleus nerve was separated from the rest of the sciatic 
nerve at a point about 50-90 mm central to its entry into the muscle. At this point filaments from 
the nerve were dissected and action potentials recorded according to methods described previously 
(Paintal, 1953). In some experiments potentials were also recorded from filaments of the media! 


* Present address: Physiology Department, All-India Institute of Medical Sciences, P.O. Box 
3010, New Delhi-16. 
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gastrocnemius nerve and the nerve to the tenuissimus. A pair of stimulating electrodes were 
placed under the nerve close to the point of entry of the nerve into the muscle. Isometric contrac- 
[ tions of the gastrocnemius-soleus muscle were recorded by connecting the tendo Achillis to a strain 
gauge and d.c. amplifier. 

In some experiments an electromagnetic puller was used for applying brief pulls of about 3 msec 
duration to the muscle. This puller was powered by an audioamplifier whose output was regulated 
by the intensity of square-wave pulses from a stimulator, which in turn was synchronized with or 
triggered by the oscilloscope sweep. In these experiments the tendon was connected directly to 
| the puller and the changes in muscular tension produced by the puller were recorded by a strain 

| gauge applied laterally to the string connecting the puller to the muscle. By using two strain 
gauges (the second representing the muscle), it was confirmed experimentally that the phasic 
change in tension recorded by the lateral strain gauge was a constant fraction of the actual 
tension applied to the muscle. Absolute values of tensions developed in the muscle by the puller 
were not determined, as this information was not necessary for the purpose of the present 
experiments. 

About 3-5 times the amount of tubocurarine necessary to produce complete extrafusal neuro- 
muscular block was injected intravenously. This was probably adequate for producing intrafusal 
| neuromuscular block as well (cf. Hunt, 1952; Granit, Skoglund & Thesleff, 1953). 

The conduction velocities of individual afferent fibres were determined by using techniques and 
criteria described previously (Paintal, 1953). 


| RESULTS 


Figure 1 shows the type of responses obtained by pulling the muscle briefly for 
about 3 msec with the puller. The upper trace is a record of the tension 
recorded by the lateral strain gauge; the lower one shows the appearance of an 


msec 


Fig. 1. A typical record from a gastrocnemius-soleus stretch receptor showing the type of response 
obtained by pulling the muscle briefly with a puller. The upper trace is a record of tension 
recorded with the lateral strain gauge. The lower trace shows the appearance of an impulse 
with a pull-impulse latency of 2-58 msec. The initial artefact is due to the electrical pulse 
delivered to the puller by the stimulator. Graph of Fig. 4 was plotted from this receptor. 
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orthodromic impulse at the recording electrodes after a certain pull-impulse 
latency, in this case 2-58 msec. This pull-impulse latency which is reckoned 
from the beginning of the pull includes, in addition to the time required for 
impulse initiation at the ending, the total conduction time from the ending 
to the recording electrodes. This conduction time is made up of intramuscular 
conduction time (t,) from the ending to the cathode of the stimulating elec- 
trodes (placed close to the entry of the nerve into the muscle) and extra- 
muscular conduction time (f,) from the stimulating to the recording electrodes. 

If a brief pull is applied at a constant interval after an orthodromic inqpulse 
belonging to the steady discharge in an adapted receptor, then the pull- 
impulse latency very often does not vary by more than 0-1 msec. Expressed 
as a percentage of the total pull-impulse latency this amounts to a variation 
of about 3%; frequently the variation is less, and rarely it may exceed 5°. 
The variation is of the same order if the pull is applied at a fixed interval after 
an antidromic stimulus, provided that no orthodromic impulse belonging to 
the steady discharge falls immediately before the stimulus. This is because, as 
was shown by Matthews (1933), the conditioning effect of a preceding ortho- 
dromic impulse on the effect of an antidromic one can be considerable if the 
latter falls in the early part of the impulse cycle. This influence of the ortho- 
dromic impulse on the effect of an antidromic stimulus on pull-impulse 
latency (see below) is insignificant if it appears more than 2-3 msec before the 
antidromic stimulus. Therefore, in this investigation and in the accompanying 
one (Paintal, 1959) only those observations have been considered in which this 
modifying influence of preceding orthodromic impulses has been excluded 
wherever necessary. 

The normal time of appearance of the pull impulse at the recording 
electrodes (i.e. average pull-impulse latency) serves as a convenient reference 
point to describe the position in time of another event, e.g. an antidromic 
stimulus. The same purpose could be achieved by using the beginning of the 
pull as a reference point, but if this is done the resulting graphs such as that of | 
Fig. 2 become unduly complicated because it then becomes necessary to assign 
positive and negative values for impulses appearing before and after the 
beginning of pull, respectively. 

Plotting the pull-impulse latency (ordinate) against the interval between an 
antidromic stimulus and the normal time of appearance of a pull impulse 
(abscissa) yields a recovery curve of the type shown in Fig. 2 (0). If the 
stimulus is applied too near to the expected appearance of the pull impulse 
then the latter does not appear. This is due to the fact that the pull pulse lasts 
only about 3 msec so that if the antidromic stimulus is applied close enough, 
the period of depression will outlast the pull pulse, resulting in the absence of 
the pull impulse. 

If the pull pulse is applied at varying intervals after an orthodromic impulse 
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belonging to the steady discharge of impulses i in an adapted receptor, the 
resulting recovery curve is identical in shape with that obtained with an 
antidromic stimulus, except that it is displaced horizontally to the left. This 
was confirmed in several instances e.g. Fig. 2 (@); it is clear that the two curves 
are identical in shape and that they are displaced by a fixed interval at all 
parts of the curve. This difference may vary somewhat at the lower parts of 
the curve in some cases (but not in that shown in Fig. 2) owing to errors intro- 
duced by the curves flattening out. 


3 


wn 
T 


Pull-impulse latency at recording electrodes-(msec) 


1 2 3 4 7 8 
Interval (msec) 


Fig. 2. Recovery curves showing effects of a preceding orthodromic impulse @ and an 
antidromic stimulus © on pull-impulse latency of a tenuissimus stretch receptor (receptor 
no. 1 in Table 1). Abscissa represents interval between orthodromic impulse or antidromic 
stimulus and normal time of appearance of pull impulse at the recording electrodes. From 
this and similar curves the intramuscular conduction distance was computed and tabulated 
in Table 1. The two curves can be superimposed ; the apparent difference in shape is an optical 
illusion. 


uw 
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Assuming that recovery following antidromic and orthodromic impulses is 
identical (Eyzaguirre & Kuffler, 1955; Diamond et al. 19582), it was expected 
that the horizontal displacement of the two curves in Fig. 2 would be due to 
the difference in the conduction times involved in the two cases. Whereas the 
interval difference between an orthodromic impulse belonging to the steady 
discharge and a pull impulse at the recording electrodes represents for practical 
purposes the actual difference in interval between the two impulses at the 
receptor itself, it is not so in the case of the antidromic stimulus. 

Suppose that, as is shown in Fig. 3, a pull impulse appears at the recording 
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electrodes at moment P on the oscilloscope. For this to happen the impulse 
must have been initiated at the ending at moment P’, i.e. at 4; +¢, msec before 
arrival of the impulse at the recording electrodes. Now if an antidromic 
stimulus were applied”at moment A, then, ignoring setting-up time at the 
stimulating electrodes (Blair & Erlanger, 1936) for the present, the antidromic 
impulse will arive after t; msec at moment 4’, i.e. J, msec before the normal 
time of initiation of the pull impulse at the ending. The interval that can be 
measured on the oscilloscope is J (interval between antidromic stimulus and 
pull impulse at recording electrodes), so that it is obvious from Fig. 3 that the 
actual interval J, between arrival of the antidromic impulse at the ending and 
normal moment of initiation of the pull impulse at the ending is equal to 
I minus 2¢; +¢, msec. 


A A 
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Fig. 3. Schematic drawing showing that actual interval between arrival of the antidromic impulse 
A’ at the ending and the normal time of initiation of a pull impulse P’ at the ending is equal 
to I,. IJ = interval between the antidromic stimulus A and the normal time of appearance 
of pull impulse P at the recording electrodes. 


It therefore follows that the two curves in Fig. 2 should be displaced hori- 
zontally by 2¢;+t) msec. Since ¢) is determined experimentally ¢ can be com- 
puted, thus permitting evaluation of total conduction time from the ending 
to the recording electrodes. In practice the measured value of t, includes the 
relatively insignificant and unknown factor of setting-up time at the stimu- 
lating electrodes. This factor is eliminated in the calculation of t;, so that the 
intramuscular conduction time so determined is the actual conduction time 
from the ending to the stimulating electrodes. Assuming unchanged conduc- 
tion velocity of the afferent fibre in its intramuscular course, intramuscular 
conduction distance can therefore be determined. ,In order to prove that these 
conclusions were correct, experiments were done on stretch receptors of the 
tenuissimus muscle. The following experimental procedure was adopted. 

Stimulating electrodes were placed under the tenuissimus nerve (or a 
branch of the nerve) close to the muscle and impulses were recorded from 
afferent fibres dissected off the nerve 30-50 mm more proximally. The muscle 
was connected to the puller and sufficient initial tension was applied in order 
to produce a regular discharge of 20-50 impulses/sec in different afferent fibres 
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from stretch receptors. The conduction velocity of the fibre was then deter- 
mined. After this pull impulses were generated and the effects of orthodromic 
and antidromic impulses on pull-impulse latency recorded. The muscle was 
then crushed progressively and the position of the receptor in the muscle 
established as being between the last ineffective crush and the effective crush 
that abolished activity from the ending. Keeping the muscle moderately 
stretched the respective conduction distances from the points of crushing 
(effective and last ineffective crush) to the cathode of the stimulating electrodes 
was measured with a pair of dividers. These were the experimentally deter- 
mined limits of intramuscular conduction distance (columns 6 and 7 in Table 1). 
Finally, intramuscular conduction distance was computed from recovery 
curves plotted from the records. This is given in column 5 of Table 1. Alto- 
gether, ten such experiments were performed and they are summarized in 
Table 1. With the exception of one ending (no. 6, Table 1), the correspondence 
between the computed and experimentally determined intramuscular conduc- 


TasLE 1. Comparison of intramuscular conduction distances from stretch receptors in the 
tenuissimus to the stimulating electrodes obtained by crushing the muscle and from recovery 


curves respectively 
Intramuscular conduction distance 


(mm) 
By crushing muscle 
Serial no. Conduction Intramuscular From A 
of Position of velocity conduction recovery [Effective Ineffective 
receptor receptor* (m/sec) time (msec) curves crush crush 
1 Tibial . 28-5 1-91 54-5 57-0 59-0 
2 Tibial 62-6 0-11 6-9 8-5 12-0 
3 Pelvic 40-3 0-60 24-1 24-0 26-0 
4 Pelvic 27-3 0-32 8-7 7-5 8-5 
5 Tibial 25:8 0-74 19-1 15-0 22-0 
6 Pelvic 37-6 1-15 43-2 10-5 17-0 
7 Tibial 30-8 2-54 75-4 74-0 78-0 
8 Tibial 39-8 1-13 45-0 43-0 47-0 
9 Tibial 35-4 0-37 13-1 12-0 18-0 
10 Pelvic 93-3 0-41 38-2 37-0 40-0 


* Terminology according to Adrian (1925). + See text for remarks. 


tion distances is most striking, particularly in those fibres in which the 
position of the receptor could be narrowed down to within a few millimetres, 
e.g. fibres 1, 3, 4, 7, 8, and 10 (Table 1). The correspondence is true for widely 
varying conditions such as extramuscular conduction distance, conduction 
velocity of the fibres, and the relative positions of the receptors in the muscle. 
The difference in the computed and actual intramuscular conduction distance 
in the case of fibre no. 6 was due to the fact that the measured conduction 
distance did not provide a measure of the true intramuscular conduction 
distance, because the afferent fibre made a loop in the tibial part of the muscle 
before entering the nerve trunk. 


Since the results recorded in Table 1 have shown that determination of 
16-2 
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intramuscular conduction time from recovery curves is satisfactory and that 
total conduction time from the ending to the recording electrodes can be 
accurately computed, it is now possible to study the time course of initiation 
of nerve impulses in muscle stretch receptors and the effects of antidromic 
impulses on them. 


Relation of pull-impulse latency to pull intensity 

If pull-impulse latencies are plotted against pull intensity, then a curve 
typical of Fig. 4 is obtained. This is similar to those obtained in Pacinian 
corpuscles (Gray & Malcolm, 1950) and cutaneous receptors (Gray & Malcolm, 
1951; Jarret, 1956). Figure 4 was plotted after allowing for total conduction 
time which amounted to 1-4 msec (t; = 0-7 msec, t, = 0-7 msec). The minimum 
pull-impulse latency was 1-22 msec with pulls of maximum intensity. As the 
intensity of pull was reduced the latency increased. The time to peak pull 
was 1-55 msec and the pull pulse was over by 3-2 msec (Fig. 1). In the receptor 
of Fig. 4, therefore, the impulse was initiated before peak pull was reached, 
i.e. it was excited by the rising phase of the pull pulse of maximum intensity. 
At latencies of 1-6-1-7 msec the receptor was presumably excited during the 
peak of the pulse, assuming negligible distortion of the pulse at the ending. 
Since it was a stretch receptor, and since there is no break or inflexion in the 
curve, it follows that the impulses with latencies greater than 1-7 msec must 
also have been excited by the peak of the pull pulse and not by the falling phase 
of the pulse. A similar conclusion can be drawn from Fig. 5 in which the 
minimum pull-impulse latency was 0-6 msec. The greater latencies must there- 
fore be due to greater excitation times at lower intensities of mechanical 
stimulation. This is in agreement with the observations of Gray & Malcolm 
(1950). 

The minimum pull-impulse latencies together with certain other pertinent 
information are given in Table 2. As expected, these latencies varied from one 
receptor to the other and they bore no relation to the conduction velocity of 
their afferent fibres; nor was there any relation to the position of the receptor 
in the muscle. An important point in this connexion is that the pull pulse as 
recorded near the tendon may not represent the exact shape of the pulse 
experienced by the ending; there may also be a small delay in the arrival of 
the pull pulse at the receptor, in which case the actual pull-impulse latencies 
will be less. The minimum pull-impulse latencies are of the same order of 
magnitude as those found in the Pacinian corpuscle (Gray & Malcolm, 1950). 


Effect of an antidromic impulse 
It is possible to study the effect of an antidromic impulse on the relation of 
pull intensity to pull-impulse latency by positioning an antidromic impulse 
before initiation of the pull impulse. This will be referred to as antidromically 
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Pull-impulse latency at the receptor (msec) 


0 10 20 30 40 50 60 70 80 


Pull intensity (arbitrary units) 


Fig. 4. Graph showing relation of pull-impulse latency to pull intensity of a lateral gastrocnemius- 
soleus stretch receptor. Plotted from receptor illustrated in Fig. 1. Total conduction time 
from the ending to the recording electrodes was 1-4 msec. 


TaBLE 2. Minimum pull-impulse latencies and conduction times in stretch receptors 
of lateral gastro ius-soleus and tenuissimus muscles 
Conduction Minimum pull- 
. velocity of Intramuscular Total conduction impulse latency 
Serial no. afferent fibre time time at ending 
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of receptor (m/sec) (msec) msec msec 
0-70 1-40 1-22 
0-17 0-58 0-75 
0-24 0-68 1-09 
| 1-91 2-77 1-09 
; 0-30 0-86 0-61 
0-48 1-08 2-46 
| 1-15 2-02 2-64 
0-85 1-30 1-78 
? ? <1-0 
| 2-54 4-10 1-18 
* From tenuissimus muscle. 
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conditioned pull-impulse latency curve. With a fixed position of the anti- 
dromic stimulus therefore, pull-impulse latencies and antidromically con- 
ditioned pull-impulse latencies can be recorded for particular values of pull 
intensities and curves of the type shown in Fig. 5 obtained. By varying the 
position of the antidromic stimulus a family of curves can be obtained. In 


3-0 


25 


20 


15 


Pull-impulse latency at receptor (msec) 


10 


20 4 8 12 16 20 
Pull intensity (arbitrary units) 


Fig. 5. Graphs showing relation of pull intensity to pull-impulse latency and antidromically 
conditioned pull-impulse latency in a lateral gastrocnemius-soleus stretch receptor. Graph 
@—@ = pull- impulse latency; graph ©---© = antidromically conditioned pull-impulse 
latency with antidromic stimulus 4-9 msec before arrival of pullimpulse at recording electrodes; 

graph O—O = antidromically conditioned pull-impulse latency with antidromic stimulus 
0-4 msec before arrival of pull impulse at recording electrodes. 


Fig. 5 curves for two positions of the antidromic stimulus are shown. Exactly 
thé same type of curve would be obtained with orthodromic impulses provided 
the relation of the impulse to the pull could be kept constant, which is techni- 
cally somewhat complicated owing to problems connected with triggering the 
stimulator at exactly the same part of the impulse each time. 

The antidromically conditioned curves in Fig. 5 are displaced upwards and 
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- to the right, because the threshold of the receptor is increased and because a 
- minimum recovery time is necessary after the antidromic impulse before an 


ll orthodromic impulse can be initiated. The displacement becomes greater as 
e the antidromic impulse is brought closer to the pull impulse (Fig. 5). This is 
D obviously because of greater depression of excitability during the pull. 


If the curves of Fig. 5 were plotted in terms of multiples of threshold equal 
to 1 in each case, then all the curves would be superimposed in the initial part 
and there would be the same upward displacement in the latter part as in 
Fig. 5. This procedure has been used by Gray & Malcolm (1950) and Jarret 
(1956). wever, it has not been used in the present investigation (and 
especially in Paintal, 1959) because it tends to mask certain changes in _ 
recovery of excitability by artificially increasing the slope of the curve of 
antidromically conditioned pull-impulse latency. It is for this reason that 
arbitrary units of stimulus intensity have been used (Figs. 4, 5); these units 
are proportional to the actual tension applied to the muscle. 


DISCUSSION 

The results of Table 1 have shown that the method used for computing intra- 
muscular conduction time is quite satisfactory because the experimental 
procedure assured random selection of the endings and the precise location of 
these endings was confirmed repeatedly in the tenuissimus muscle. From these 
results the following conclusions follow: (1) If it is assumed that with the 
tenuissimus moderately stretched there are no more undulations in the intra- 
muscular course of the afferent fibre than there are in the nerve outside the 
muscle, then it follows that the conduction velocity of the fibre is unchanged 
from the ending to the spinal cord. If the above assumption is incorrect then 
the conduction velocity of the intramuscular part must be a little greater than 
the extrampuscular part. (2) Since these experiments were based on the assump- 
tion that recovery of the ending following an antidromic impulse is identical 
with that following an orthodromic one, it follows that this assumption is 
correct. (3) There is probably no propagation of the nerve impulse in the non- 
myelinated ending. If there is, it must be over a distance of less than 50 p, 
because non-myelinated propagation of 50 would involve intramuscular 
conduction time of about 0-05 msec, which in some instances would have 
revealed itself as an excess of about. 15-40% in the computed intramuscular 
conduction distance (Table 1). 50 1 would amount to only 5-10% of the total 
y length of the non-myelinated segment of the primary ending which has been 
j computed to be about 0-5-1 mm in length if the ending is uncoiled (Dr Sybil 
ss Cooper, personal communication). 

oo The sensory terminations in muscle stretch receptors are non-myelinated 
(see Barker, 1948) and if, as the present evidence reveals, there is no pro- 
| pagation of impulses in this region, these terminations must therefore be 
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concerned with local non-propagated events, e.g. generation of spindle poten- 
tials, as in the Pacinian corpuscle (Diamond et al. 1956; Loewenstein, 1958). 
In contrast, from evidence obtained by stimulating the outer and inner sur- 
faces of the skin, Catton (1958) concluded there was some non-myelinated 
propagation of sensory impulses near the endings in frog’s skin. 

Under constant conditions the relationship of the curves of pull-impulse 
latency (@, Fig. 5) and antidromically conditioned pull-impulse latency 
(O, Fig. 5) to each other is unchanged. The difference between the two groups 
of curves depends on the degree of recovery of excitability of the ending. If, 
therefore, with a fixed position of the antidromic stimulus the relationship 
between the two curves is altered by some agent (e.g. drug), it will follow that 
certain recovery processes have been altered. Since plotting the graphs after 
the administration of a drug may be difficult in the presence of rapid changes 
in responses, the same purpose can be achieved by plotting the graphs (as in 
Fig. 5) first and evaluating the change in the antidromically conditioned 
response with reference to the pull-impulse latency after the drug. On this 
basis changes in recovery of excitability following an antidromic impulse have 
been evaluated in stretch receptors after repetitive antidromic stimulation, 
adrenaline and asphyxia in the accompanying paper (Paintal, 1959). 


SUMMARY 

1. A satisfactory technique is described for computing intramuscular con- 
duction time in afferent fibres by pulling a muscle briefly, and comparing the 
effect of a preceding antidromic stimulus with that of an orthodromic impulse 
on pull-impulse latency in muscle stretch receptors of cats.. Proof of the 
validity of this technique was provided by showing that the position of ten 
stretch receptors in the tenuissimus muscle determined in this way corre- 
sponded very closely to that established by crushing the muscle. 

2. The results have shown that there is no detectable propagation of 
sensory impulses in the non-myelinated part of the endings and that recovery 
of excitability of the ending after an antidromic impulse is identical with that 
after an orthodromic one. They have also provided a means for determining 
total conduction time in any afferent fibre whose receptor has a regular 
discharge of impulses and is amenable to precise mechanical stimulation. — 

I am much indebted to Professor C. C. Hunt, Dr C. Edwards, and Dr C. Eyzaguirre for valuable 


criticisms. This work was supported by Grant No. B 1320, from the Institute for Neurological 
Disease and Blindness, Public Health Service, U.S.A. 


REFERENCES 


Apgian, E. D. (1925). The spread of activity in the tenuissimus muscle of the cat and in other 
complex muscles. J. Physiol. 60, 301-315. 


Barker, D. (1948). The innervation of the muscle spindle. Quart. J. micr. Sci. 89, 143-186. 


Biarr, E. A. & Erxtanoer, J. (1936). On the process of excitation by brief shocks in axons. 
Amer. J. Physiol. 114, 309-316. 


4 
i} 
\ 
| 
| 
i 
j 
| 
| 
4 
4 
4 


INTRAMUSCULAR AFFERENT PROPAGATION 251 


Carron, W. T. (1958). Some properties of skin mechanoreceptors. J. Physiol. 141, 305-322. 

Diuamonp, J., Gray, J. A. B. & Sato, M. (1956). The site of initiation of i in Pacinian 
corpuscles. J. Physiol. 188, 54-67. 

Diamond, J., Gray, J. A. B. & Inman, D. R. (19582). The depression of the receptor tial i 
Pacinian corpuscles. J. Physiol. 141, 117-131. a 


Dumonp, J., Gray, J. A. B. & Inman, D. R. (19585). The relation between receptor potentials 
and the concentration of sodium ions. J. Physiol. 142, 382-394. 


Eyzacurerg, ©. & Kurrier, 8. W. (1955). Further study of soma, dendrite, and axon excitation 
in single neurons. J. gen. Physiol. 39, 121-153. 

Grantt, R., Skootonp, 8. & Tuestezrr, 8. (1953). Activation of muscle spindles by succinyl- 
choline and decamethonium. The effects of curare. Acta physiol. scand. 28, 134~151. 


Gray, J. A. B. & Matcotm, J. L. (1950). The initiation of nerve impulses by mesenteric Pacinian 
corpuscles. Proc. Roy. Soc. B, 137, 96-114. 


Gray, J. A. B. & Matocoum, J. L. (1951). The excitation of touch receptors in frog’s skin. J. Physiol. 
115, 1-15. 


Hont, C. C. (1952). Drug effects on mammalian muscle spindles. Fed. Proc. 11, 75. 
Jarret, A. 8. (1956). The effect of acetylcholine on touch receptors in frog's skin. J. Physiol. 133, 
243-254. 


Loewenstein, W. R. (1958). Generator processes of repetitive activity in a Pacinian corpuscle. 
J. gen. Physiol. 41, 825-845. 

Loewenstein, W. R. & Ratuxamp, R. (1958). The sites for mechano-electric conversion in a 
Pacinian corpuscle. J. gen. Physiol. 41, 1245-1265. 

Matruews, B. H. C. (1933). Nerve endings in mammalian muscle. J. Physiol. 78, 1-53. 

Parntat, A. 8. (1953). The conduction velocities of respiratory and cardiovascular afferent fibres 
in the vagus nerve. J. Physiol. 121, 341-359. 

Parntat, A. §. (1958). Intramuscular propagation of sensory impulses from stretch receptors of 
the cat. J. Physiol. 145, 7-8 P. 

Parntat, A. 8. (1959). Facilitation and depression of muscle stretch ae og by repetitive 
antidromic stimulation, adrenaline and asphyxia. J. Physiol. 148, 252-266. 


en- 
58). 
ted 
ilse 
acy | 
ups 
hip 
hat 
fter 
in 
ned | 
shis 
ave 
on, 
on- 
the 
ilse 
the | | 
ten | 
Te- 
of 
ery 
hat =f 
ing 
lar 
able 
‘ical 
ther 
ons. 


252 


J. Physiol. (1959) 148, 252-266 


FACILITATION AND DEPRESSION OF MUSCLE STRETCH 
RECEPTORS BY REPETITIVE ANTIDROMIC STIMULATION, 
ADRENALINE AND ASPHYXIA 


By A. 8. PAINTAL* 


From The Department of Physiology, College of Medicine, University of Utah, 
Salt Lake City, Utah, U.S.A. 


(Received 2 January 1959) 


{n the preceding paper (Paintal, 1959), it has been shown that it is possible to 
study certain local events in muscle stretch receptors, even though the action 
potentials are recorded at a distance, by applying brief pulls to the muscle and 
noting changes in the pull-impulse latency. Further, it was shown that, as in 
the Pacinian corpuscle (Diamond, Gray & Sato, 1956; Loewenstein, 1958), 
there was no detectable propagation of impulses in the non-myelinated ending. 
It was also suggested that one could study the effects of drugs on the recovery 
of excitability of the endings following an antidromic impulse. This was 
possible because of the reproducible and constant relation of the curves of © 
pull-impulse latency and antidromically conditioned pull-impulse latency to 
each other under constant conditions, so that any change in this relation 
would reflect a change in recovery processes following an antidromic impulse. 
Using this approach the effects of three agents, repetitive antidromic stimula- 
tion, adrenaline, and asphyxia have been studied. 

The term recovery or recovery processes has been used to designate all 
processes which raise the excitability of the ending from zero immediately 
after arrival of an antidromic impulse at the ending to maximum with a 
certain time course. If these processes are accelerated recovery is enhanced 
and vice versa. Accordingly, other things being the same, reduction of the 
antidromically conditioned pull-impulse latency will indicate enhancement 
of recovery. 

The term post-tetanic antidromic depression used in this paper refers to the 


reduction or absence of the steady discharge for variable periods after a train 
of antidromic stimuli. 


* Present address: Physiology Department, All-India Institute of Medical Sciences, P.O. Box 
3010, New Delhi-16, 
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METHODS 


Experiments were done on lateral gastrocnemius-soleus endings as described in the preceding 
paper (Paintal, 1959); one experiment was done on a decerebrate cat. 


RESULTS 
Effect of antidromic stimuli 
As was done by Matthews (1933) the effects of antidromic stimuli were 
observed exclusively on endings which, after adaptation, fired regularly so that 
the effects of one or more stimuli could be studied systematically in different 
parts of the impulse cycle, the cycle beginning immediately after an ortho- 
dromic impulse and ending just before the discharge of the next one. 
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Fig. 1. Effects of one and two antidromic stimuli on recovery of a lateral gast ius-soleus 


stretch receptor. In A, @ = responses, with one stimulus; © = with two simuli separated 
by 2-8 msec; @ with two stimuli separated by 48-3 msec. B shows the difference curves 
obtained by subtracting values obtained with one stimulus from those obtained with two 
stimuli in A. Interrupted line in A indicates normal impulse interval. Abscissa for @ in 
A = interval between preceding orthodromic impulse and antidromic stimulus; ordinate = 
interval between antidromic stimulus and next orthodromic impulse. Abscissa for © and 
® = interval between preceding orthodromic impulse and first antidromic stimulus; 
ordinate = interval between 2nd antidromic stimulus and next orthodromic impulse. 


The effect of antidromic stimuli depends on the number and on the frequency 
of stimuli applied. If one stimulus is applied early in the impulse cycle the 
interval between this stimulus and the next orthodromic impulse is appreciably 
longer than the normal impulse interval (filled circles, Fig. 1.4). The relation 
between the position of the stimulus in the impulse cycle and the latency 
between the stimulus and the next orthodromic impulse is typically (filled 
circles, Fig. 1A) as described by Matthews (1933). 
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The effect of two stimuli depends, as expected, on the position of the stimuli 
in the impulse cycle and on the interval between the stimuli, the depression 
being greater if the interval between the stimuli is small (compare open circles 
and half-filled circles in Fig. 1). The actual contribution by the second of a pair 
of stimuli to the total depression of excitability may be obtained by subtracting 
the effects obtained with one stimulus (filled circles) from that obtained with 
two stimuli (open circles and half-filled circles). The result of this procedure, 
which is shown in Fig. 1B, reveals that the depression due to the second 
stimulus is greater if the pair of stimuli fall in the latter part of the cycle. 

Increasing the number of stimuli at fixed frequency of stimulation increases 
the duration of depression represented by the interval between the last 
stimulus and the first orthodromic impulse. This agrees with Matthews (1933). 
But to study this relation between the number of stimuli and the duration of 
depression it is necessary to apply the train of stimuli at a fixed part of the 
impulse cycle, because of the contributory effects of the preceding orthodromic 
impulse which are noticeable even with a train of six stimuli. 

In some receptors the relation between the number of stimuli (from 1 to 10) 
and the duration of depression is linear, but in some the curve flattens out 
with greater numbers of stimuli. The latter is somewhat deceptive because 
increasing the duration of repetitive stimulation further or increasing the 
frequency of stimulation invariably leads to prolonged depression. Perhaps 
such receptors encountered by Matthews (1933) in a preliminary investigation © 
of repetitive antidromic stimulation led him to believe that increasing the 
number of stimuli beyond 10 had no additional effect on the latency of the 
first impulse. 

With a fixed frequency of stimulation, increasing the duration of tetanic 
stimulation increases the duration of depression (Fig. 2). A similar observa- 
tion on tongue thermoreceptors has been made by Dodt & Walther (1957). 
The duration of depression may last for several seconds. The effect of increasing 
duration of stimulation at different frequencies is shown in Fig. 2. This figure 
is typical of responses of the majority of receptors. Typically, the curves show 
two phases, an early one with a small slope and a later one with a steeper slope. 
Depression following tetanic stimulation with high frequencies is often pro- 
found; in a few instances, however, it lasted for barely a fraction of a second 
even with high frequency stimulation for several seconds. The period of 
depression represented by the interval before the appearance of the first 
impulse does not represent the total duration of depression, which may be 
several times greater because the initial frequency of discharge of the receptor 
may be attained only after relatively much longer periods. With fixed duration 
of tetanic stimulation, the duration of depression increases with the frequency 
of stimulation. This fact can be gauged from Fig. 2. 

The steady discharge usually returns gradually after a prolonged period of 
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post-tetanic depression. In some instances the initial part of the discharge 
after depression was grossly irregular. The interval between the first and 
second impulses after post-tetanic depression may be normal if the interval 
between the end of the train of stimuli and the first impulse is not long; most 
often, however, the interval between the first and second impulse is greater 
than normal. The interval also tends to increase with the duration of the 
tetanus. Usually, the relation of the duration of the second interval to the 
duration of the tetanus is not consistent owing to the irregularity of the dis- 
charge at the beginning of activity after the depression. 
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Duration of depression (sec) 
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Fig. 2. Graphs showing that duration of depression of a lateral gastrocnemius-soleus stretch 
receptor varies with the duration of antidromic stimulation. Graph -@-@- = stimulation 
at frequency of 360/sec; -O—O- = at 260/sec; -A—A- at 180/sec; -©—@- = at 100/sec; 
= at 60/sec. 


The fact that the duration of depression increases with the number of 
stimuli implies that the depressant effects of antidromic impulses sum with each 
other. Each antidromic impulse produces some depression at the ending, 
which decays with a certain time course, and the effect of the subsequent one is 
added on to the depression that remains. A way in which this could be 
achieved was revealed by the effects of short trains of stimuli repeated at 
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suitable intervals. The amount of depression increased with each succeeding 
train and it was found that the amount of depression after any particular train 
was related to the residual depression remaining before this train, i.e. the 
duration of depression varied with the impulse duration immediately before 
the application of the train of stimuli. From direct observations on the 
sensory cell of the crayfish Eyzaguirre & Kuffler (1955) arrived at a similar 
conclusion. 

That post-tetanic depression observed in these experiments was not due to 
electrotonic block of the afferent fibre at the stimulating electrodes was 
proved by noting during the period of depression the appearance of ortho- 
dromic impulses on pulling the muscle manually or briefly with a puller. In 
any case the likelihood of electrotonic block was remote, because stimuli of 
only 0-03 msec duration and usually less than 0-5 V intensity were used to 
stimulate the whole nerve trunk near the muscle. 

Post-tetanic depression was not due to activation of inhibitory fibres such 
as occurs in the crayfish stretch receptor (Kuffler & Eyzaguirre, 1955) because 
depression only appeared at threshold for the afferent fibre concerned ; reduc- 
tion of stimulus strength below this level had no effect. If depression was 
produced by inhibitory fibres it would imply that their fibre characteristics 
were identical with those of the afferent fibres examined, and since the con- 
duction velocities of the latter ranged from 30 to 115 m/sec the inhibitory 
fibres would form a large fraction of the efferent outflow; such a possibility is 
quite remote. Post-tetanic antidromic depression was not dependent on the _ 
anaesthetic used (chloralose) because an experiment on a decerebrate cat 
yielded identical results. 

Effect on recovery of excitability after an antidromic impulse. In order 
to determine whether recovery processes were in any way influenced by 
tetanic stimulation, the relation between pull intensity and pull-impulse 
latency and antidromically conditioned pull-impulse latency, respectively, 
was first plotted (see Fig. 7A and related description in text; also dis- 
cussion in Paintal, 1959). With the antidromic stimulus fixed in the 
same position the effect of repetitive stimulation on pull-impulse latency 
and antidromically conditioned pull-impulse latency was noted. If the 
intensity of the pull was large, repetitive stimulation which abolished 
the continuous discharge did not in some receptors affect the pull-impulse 
latency. In other receptors the pull-impulse latency was increased (Fig. 34). 
With weak pulls repetitive stimulation was always followed by an increase | 
of pull-impulse latency. Often the pull response was abolished and it 
returned gradually. The antidromically conditioned pull-impulse latency also 
increased after repetitive stimulation (Fig. 3B), the increase being greater if 
the antidromic stimulus was closer to the pull pulse. It was noted that the 
antidromically conditioned pull-impulse latency usually increased by an 
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amount expected from the relation of the graphs of pull-impulse latency and 
antidromically conditioned pull-impulse latency to each other. Post-tetanic 
depression could therefore be accounted for entirely by the change in the pull- 
impulse latency, and consequently recovery processes during antidromic 
post-tetanic depression were unchanged, or if they were the change was too 
small to be detected. In occasional experiments the antidromically conditioned 
pull-impulse latency fell after tetanic stimulation, suggesting enhanced re- 
covery. Eventually, this was found to be due to incomplete neuromuscular 
block. The - spindle was unloaded with each stimulus, thus increasing 


the antidromic#ly conditioned pull-impulse latency above normal, an effect 
abolished by tetanic stimulation so that the latency fell. 
° 
@ 
oo 


Fig. 3. Effect of repetitive antidromic stimulation on pull-impulse latency (A) and antidromically 
conditioned pull-impulse latency (B) of a lateral gast ius-soleus stretch receptor. 
The nerve was stimulated at 300/sec between the arrows. Dotted curve in both A and B 
represents frequency of steady discharge. 


Figure 3 shows that the steady discharge returned gradually and concur- 
rently with the return of the pull-impulse latency and antidromically condi- 
tioned pull-impulse latency to initial levels. The return to normality of both 
types of events was almost invariably concurrent. The actual relation of the 
two curves of course varied with the strength of the pull, so that with weak 
pulls the steady discharge sometimes returned before the pull responses ap- 
peared, but the return to normality was always signalled by the simultaneous 
return of the normal response to pull and the return of the steady discharge to 
the initial frequency. 

Effects of adrenaline 

In some preliminary experiments it was found that adrenaline (adrenaline 

chloride containing <0-1°% sodium bisulphite as preservative) when injected 
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intravenously abolished the steady discharge. This substance has no known 
action on intrafusal muscle fibres and so it is suitable for studying the effects 
of drugs on the endings. 

The initial action of adrenaline, which set in about 30—150 sec after injection, 
was of two types. In some receptors the first effect was an increase in the 
frequency of discharge to less than twice the initial frequency. The frequency 
then either fell gradually until the discharge was abolished or it merged into 
the phase of greatly increased activity (Figs. 4, 5). In the second type of 
response the discharge was gradually abolished without any preliminary in- 
crease. With 100-200 yg of adrenaline the discharge returned gradually after 
a few seconds of silence and soon reached normal levels. With larger doses of 
300-500 wg the silence lasted several minutes until it was interrupted by a 
gradually increasing discharge which attained a relatively high frequency of 
about 80-300 impulses/sec, after which the discharge became irregular and 
then ceased. This cycle could be repeated one or more times. Eventually, the 
discharge returned gradually after several minutes of silence until the original 
frequency of discharge was attained. This behaviour recalled to mind the 
response of muscle stretch receptors to occlusion of the circulation (Matthews, 
1933). Indeed, some of the effects of adrenaline were probably due to asphyxia 
because with the large doses used blood flow to the muscle must have been 
stopped. This was confirmed in one experiment on a 12 kg dog, in which 1 mg 
adrenaline stopped, for several minutes, the blood flow to the hind limb, 
measured with a flowmeter. 

Effect on recovery of excitability after an antidromic impulse. The above 
changes in the steady discharge were recorded simultaneously with changes 
in pull-impulse latency and antidromically conditioned pull-impulse latency. 
The results of a typical experiment are shown in Fig. 4. The first 
change was a moderate increase of the steady discharge leading to a 
considerable acceleration a few seconds later. During the period of marked 
acceleration, the pull-impulse latency remained almost unchanged but 
the antidromically conditioned pull-impulse latency fell appreciably. This 
suggests that recovery processes were enhanced at this time. The steady 
discharge fell to about 16 impulses/sec about 100 sec after the injection 
of adrenaline and after this the pull-impulse latency began to rise with 
an almost parallel change in the antidromically conditioned pull-impulse 
latency. At this time (105-110 sec) the difference between the pull-impulse 
latencies and the antidromically conditioned pull-impulse latencies was con- 
siderably smaller than that which existed before adrenaline was given (Fig. 4). 
This is strong evidence of enhanced recovery, especially since there is an indica- 
tion of rising pull-impulse latency at this time. It is important to keep this 
reasoning in mind, because in curves relating pull-intensity to pull-impulse 
latency and antidromically conditioned pull-impulse latency (e.g. Fig. 7A), 
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if the slope of the former is less than that of the latter at a particular setting 
of pull intensity, then a small change in the pull-impulse latency can account 
for a large change in the antidromically conditioned response. 

At about 130 sec after injecting adrenaline in Fig. 4 the steady discharge rose 
to about 90/sec in spite of raised pull-impulse latency. At this time recovery 
still seems to have been enhanced because of the low difference between pull- 
impulse latency and antidromically conditioned pull-impulse latency. 140 sec 
after adrenaline had been given the antidromically conditioned responses 
ceased, not as a result of reduced recovery but probably owing to increased pull- 
impulse latency which continued to rise until it reached its maximum at about 
200 sec after the injection of adrenaline. Thereafter the pull-impulse latency 


0 20 # 
Seconds after giving adrenaline 


Fig. 4. Effect of 500 ug adrenaline injected at arrow on the steady discharge, : - - - - , pull-impulse 
latency, -@—@-, and antidromically conditioned pull-impulse latency, -O--O- of a 
gastrocnemius-scleus stretch receptor obtained in a decerebrate cat. 


remained at this level till about 13 min after injecting adrenaline when it 
began to fall gradually. This phase was characterized by periodic oscillations 
of the pull-impulse latency in the absence of any steady discharge. By 24 min 
the pull-impulse latency had reached normal values but there were now no 
antidromically conditioned responses. Recovery of excitability after an 
antidromic impulse was therefore greatly depressed at this time, as it had 
probably been for several minutes past. The steady discharge appeared 
at about 24 min and it increased gradually to attain a frequency of about 
20/sec at about 26 min after adrenaline had been administered. The anti- 
dromically conditioned pull-impulse latency did not return to normal values 
till about 70 min after giving adrenaline. Adrenaline therefore depressed 
recovery for a long period in this receptor (probably owing to asphyxia) 
after a short period of enhanced activity soon after injection. These observa- 
tions show that the return of the steady discharge to near normal values 


is not a satisfactory index of the condition of the ending, as the steady 
17 PHYSIO, CXLVIII 
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discharge had approached normal values at about 26 min after adrenaline 
had been given, at which time recovery was greatly depressed. 

The enhancement of recovery during the early phase of action of adrenaline 
was seen in a number of other receptors, e.g. that shown in Fig. 5 which was 
obtained from a fibre in the same nerve filament as that of Fig. 4. In this case, 
with the position of the antidromic stimulus used, there were no antidromically 


conditioned pull responses before the injection of adrenaline. However, at 


about 125 sec after adrenaline had been given antidromically conditioned 
pull responses suddenly appeared and their latency fell rapidly to reach the 
lowest value at 150 sec after which they rose once again. These changes in the 


he 


> 200 40 © 8 100 120 140 160 180 20 
Seconds after giving adrenaline 

Fig. 5. Graphs showing increased recovery of a stretch receptor after injection of 500 yg adrena- 

line at arrow. Curve ------ , Steady discharge, curve -@—@-, pull-impulse latency and curve 

-~O--O-, antidromically conditioned pull-impulse latency; obtained from another fibre 

present in the same filament from which results of Fig. 4 were ubtained. 
antidromically conditioned responses occurred concurrently with a con- 
siderable increase in the frequency of the steady discharge. When the discharge 
fell the antidromically conditioned pull-impulse latency rose. At this time 
Fig. 5 shows that the pull-impulse latency also began to rise, but the small 
difference between this and the antidromically conditioned latency at about 
170 sec shows clearly that recovery was enhanced greatly. The rise in the anti- 
dromically conditioned pull-impulse latency after 160 sec was therefore due 
entirely to a rise in the pull-impulse latency. The enhancement of recovery is 
attributable to adrenaline itself, because no initial enhancement of recovery 
was seen after asphyxia (see below). 

In a few receptors the increase in the antidromically conditioned pull- 
impulse latency paralleled that of pull-impulse latency through the various 
changes in the steady discharge. In these instances the increase in the anti- 
dromically conditioned pull-impulse latency could be explained as being due 
to an increase in the pull-impulse latency without any change in recovery. 
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Loewenstein & Altamirano-Orrego (1956) noted reduction of threshold of 
the Pacinian corpuscle following administration of adrenaline. Clear evidence 
of this was not obtained in the present investigation. However, the possibility 
of reduction of threshold is not ruled out, because the experiments were not 
especially designed to elucidate this point. 


Effects of asphyxia 

The characteristic responses of muscle stretch receptors after local ischaemia 
have been described in detail by Matthews (1933). Similar effects have been 
obtained in the present investigation after asphyxia. Figure 6 shows a typical 
series of events before and after shutting off the respiratory pump in a filly 
curarized cat. In this receptor the first change was a reduction of the steady 


discharge at about 110 sec after begining asphyxia; this fell to zero at 126 sec. q 
i 
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Minutes after stopping respiratory pump 
Fig. 6. Effect of asphyxia on a lateral gastrocnemius-soleus stretch receptor. Curve - ---- - , Steady 
discharge; curve -@—@-, pull-impulse latency which increased steadily; curve -Q--O-, 
antidromically conditioned pull-impulse latency. Note marked depression of recovery shortly 
after 4 min, associated with increase of steady discharge. 


The pull-impulse latency and the antidromically conditioned pull-impulse 
latency began to increase soon after asphyxia began and the former continued 
to rise steadily till the very end when all responses to pull disappeared at 
about 24min of asphyxia. The antidromically conditioned pull-impulse 
latency on the other hand showed a much steeper rise beginning at about 
4-5 min after starting asphyxia and this continued until 6 min when anti- 
dromically conditioned pull responses disappeared till 12 min. The steep rise 
in the antidromically conditioned pull-impulse latency was coincident with a 
considerably increased frequency of the steady discharge which rose to about 


95 impulses/sec and then fell rapidly to zero. This phase of increase in the 
17-2 
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steady discharge therefore occurred simultaneously with considerably reduced 
recovery of the ending. 

The antidromically conditioned responses returned at about 13-3 min 
(Fig. 6) and the latency fell rapidly to attain a very low level when compared 
to the pull-impulse latency, particularly when reckoned in the light of the 
relation of the two responses respectively to pull intensity. At this time there- 
fore there was an apparent increase in the recovery processes which was 
maintained till the end as shown in Fig. 6. Similar apparent increase of 
recovery of excitability after an antidromic impulse was observed in other 
receptors. 

A B 


Pull-impulse latency at receptor 


12 16 20 2 
Pull AS (arbitrary units) Minutes after aoe artificial respiration 


Fig. 7. Graphs showing how a change in the antidromically conditioned pull-impulse latency was 
interpreted. For explanation, see text. A shows the relation of pull-impulse latency -@—®- 
and antidromically conditioned pull-impulse latency -Q--©- to pull intensity before 
asphyxia. B shows the steady discharge - - - - -, pull-impulse latency and antidromically condi- 
tioned pull-impulse latency after asphyxia. 


A sudden reappearance of the steady discharge with a peak frequency of 
85 impulses/sec for a short while at about 16-6 min had no effect on the pull 
responses or antidromically conditioned pull responses (Fig. 6) thus indicating 
that the steady discharge need have no influence on the responses to transient 
pulls. This was noted repeatedly. 

The initial depression of recovery processes (Figs. 6, 7B) was observed in 
every ending investigated. Proof of actual depression was obtained by inter- 
preting the results in conjunction with the graphs relating pu!l intensity and 
the two latencies, respectively. Since this procedure has been used throughout 
this investigation an example will be described in detail (Fig. 7). Before 
asphyxia began the pull-impluse latency in Fig. 7B was about 0-83 msec and 
the antidromically conditioned pull-impulse latency was about 1-24 msec. 
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This was a normal response, because Fig. 7 4 shows that the antidromically 
conditioned pull-impulse latency at a pull-impulse latency of 0-83 msec should 
have been about this much. About 6-3 min after stopping the respiratory 
pump the pull-impulse latency had increased to 1-00 msec. Figure 74 shows 
that at this level with recovery unchanged the antidromically conditioned 
pull-impulse latency should have been about 1-45 msec. Instead, it was about 
2-55 msec (Fig. 7B), which shows clearly that recovery of excitability following 
an antidromic impulse was greatly depressed. At about this time the steady 
discharge reappeared and lasted for about 1 min. This ending therefore provides 
another example of increase in steady discharge during depressed recovery. 

In every receptor examined there was a steady rise in the pull-impulse 
latency, as is shown in Fig. 6. There is no doubt that this was associated with 
a raised threshold to pull, because if the pull-impulse latency was increased at 
a particular setting of pull intensity (near maximum) then reduction of the 
pull would inevitably abolish the response, as did happen in some receptors. 
Simultaneous changes in threshold could not be determined in the above 
experiments owing to technical difficulties. Besides, it was not particularly 
advantageous to determine it, because the responses normally varied con- 
siderably in latency at threshold, so that evaluation of changes in responses 
would be difficult. This difficulty could have been overcome by taking the mean 
of several responses, but this would not have permitted recognition of rapid 
changes in the response of the ending. However, in two receptors only changes 
in threshold after asphyxia were studied. In both the threshold rose gradually 
in & manner expected from the curves of pull-impulse latency obtained fro 
several receptors. 

Responses to transient pulls survived in different receptors for as long as 
25 to over 60 min after asphyxia. At this time conduction in the afferent fib 
themselves was satisfactory and the conduction velocity of the fibres was 
hardly altered. 

DISCUSSION 
Post-tetanic antidromic depression of sensory receptors is not unusual. In the 
frog it was first elegantly demonstrated by Cattell & Hoagland (1931) who 
showed that orthodromic impulses generated in one ending of a cutaneous 
afferent fibre and travelling antidromically to another ending of the same fibre 
depressed the responses of the latter. It has also been demonstrated in the 
sensory cell of the crayfish (Eyzaguirre & Kuffler, 1955). Recently Dodt & 
Walther (1957) showed that antidromic stimulation of the lingual nerve 
depresses thermoreceptors in the tongue, which they felt was due to positive 
after-potentials. Matthews (1933) did not observe any prolonged antidromic 
depression in muscle stretch receptors of the cat. In the frog (Matthews, 1931) 
he noted acceleration of the discharge which was presumably due to stimulation 
of intrafusal muscle fibres (cf. Eyzaguirre, 1958). 
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The marked post-tetanic antidromic depression is of physiological signifi- 
cance in the case of two or more sensory endings connected to the same 
afferent fibre because activity in one ending will depress the responses in the 
others, particularly if high-frequency discharges are produced by the first one. 
Since the effects of orthodromic impulses are similar to those of antidromic 
ones (Paintal, 1959), it follows that orthodromically generated high-frequency 
discharges in an ending will depress the responses of that ending. It is there- 
fore possible that this type of depression may form an important component of 
‘off effect’ phenomenon in sensory endings. Indeed, Eyzaguirre (1958) has 
already given some indication of this in muscle spindles of frogs. 

The discussion that follows is based on the fact that the terminals of muscle 
stretch afferent fibres are non-myelinated (Barker, 1948) and that since there 
is no detectable non-myelinated propagation of the impulse (Paintal, 1959), 
this part of the fibre is the site of production of non-propagated receptor 
potentials which initiate propagated impulses at the first node of Ranvier of 
the afferent fibre as in the Pacinian corpuscle (Diamond et al. 1956). 

Gasser & Grundfest (1936) showed that considerable depression of excita- 
bility of mammalian A nerve fibres occurred after tetanic stimulation at high 
frequency ; this depression could last for a few minutes and it was associated 
with pronounced positive after-potentials. Such depression associated with 
positive after-potentials must also occur in the region of the first node. This 
depression would inevitably raise the threshold of excitability of the first node 
relative to the receptor potential and would thus reduce or abolish the steady 
discharge and increase the pull-impulse latency as observed in these experi- 
ments. The increased threshold of the ending after tetanization would also fit 
into this scheme. An additional factor could be the depression of the static and 
dynamic receptor potentials electrotonically by the positive after-potentials 
(Diamond et al. 1956). These conclusions can be confirmed by noting the effect 
of tetanic stimulation on receptor potentials of muscle stretch receptors. This 
appears to be possible in the tenuissimus under favourable experimental con- 
ditions (Eyzaguirre, personal communication). 

As has already been shown, post-tetanic antidromic dapteenion is not due to 
reduced recovery processes. The experiments with adrenaline and asphyxia 
have shown that changes in the steady discharge may run parallel with or 
opposite to changes in recovery or pull responses. Thus an increased steady 
discharge may be associated with increased (Figs. 4, 5) or depressed recovery 
(Fig. 6) or with reduced or increased responses to pull. Reduction of the steady 
discharge was never coincident with increased recovery of the ending. Absence 
of the steady discharge was not due to depolarization block, because pull 
responses persisted often unchanged at this time. This view is supported by 

the frequent observation that the steady discharge was abolished in many 
endings with little or no prior increase. 
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The increase in the pull-impulse latency following adrenaline and asphyxia 
could be due to reduction of the dynamic receptor potential, to raised threshold 
of the first node of Ranvier, or to increased time constant of the non-myelinated 
membrane. Increased accommodation cannot explain the results because of 
the rapid rate of rise of the pull pulse used in these experiments. The fact that 
the threshold increased at the same time suggests that there was either a 
reduction in the dynamic receptor potential or an increase in the threshold of 
the first node. 

The results have shown that certain recovery processes following an 
antidromic impulse are enhanced (attributable to adrenaline) and sub- 
sequently depressed after injection of adrenaline. Return of normal recovery 
may be delayed for 10-70 min—long after return of normal pull responses ~ 
and steady discharge. The first action of asphyxia is to depress recovery. 
This depression may last for several minutes and after this time an apparent 
enhancement of recovery follows in some endings. It is possible that this 
apparent enhancement may be a genuine enhancement, but it is more 
likely that it is due to block of the antidromic impulse at some point which 
results in less depression of the receptor potential. If it is assumed that the 
block also blocks orthodromic impulses then it follows that the block cannot 
be in the first node of Ranvier or more centrally, because this would have 
to be associated with a corresponding increase in the pull-impulse latency owing 
to the necessity of initiating the impulse ahead of the block. Such increase was 
never seen (Fig. 6). According to this assumption, therefore, the site of the 
hypothetical block must be in the non-myelinated segment. This implies that 
antidromic impulses normally invade the non-myelinated segment, which 
contradicts Diamond, Gray & Inman (1958). However, a more plausible 
explanation suggested by Dr B. Katz (personal communication) is that the 
antidromic impulse (but not the orthodromic) is blocked at one of the points 
of subdivision of the myelinated afferent fibre owing to a low safety factor of 
conduction here. This would reduce the depressant effect of the antidromic 
impulse on the receptor potential. The orthodromic impulse is not blocked 
probably because, owing to the rapid pull, the impulses from the branches 
arrive synchronously at the point of subdivision and are thus able to sum, 
leaving the pull-impulse latency unaffected. Subdivision of the afferent fibre 
has been seen invariably in the muscle spindle by Dr Sybil Cooper (personal 
communication). 

The choice of adrenaline was unfortunate because of secondary asphyxial 
effects arising from vasoconstriction, a point stressed by Bilbring & Whit- 
teridge (1941) in connexion with lowered threshold of nerve fibres after 
administration of 5-25 yg of the drug. However, it is highly probable that the 
initial enhancement of recovery was due to the drug itself. 
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SUMMARY 

1, Changes in recovery of excitability of an ending following an antidromic 
impulse were studied by evaluating a change in the antidromically conditioned 
pull-impulse latency with reference to pull-impulse latency in muscle stretch 
receptors of cats. 

2. Tetanic antidromic stimulation reduced or abolished the steady discharge 
from stretch receptors. The duration of depression varied with the duration 
and frequency of antidromic stimulation. This depression was not due to 
reduced recovery of the ending. It is probably due to raised threshold of the 
first node of Ranvier of the afferent fibre owing to positive after-potentials 
produced in this region by antidromic impulses. 

3. Adrenaline initially enhanced recovery of some endings, but eventually 
it always depressed it for prolonged periods. The latter effect was probably 
secondary to asphyxia accompanying strong local vasoconstriction. 

4. Asphyxia depressed recovery of the ending from the start. In some cases 
this was followed by an apparent enhancement of recovery, which was 
probably due to block of the antidromic impulse. Possible sites of the block 
are discussed. 

I am grateful to Prof. K. Kramer for showing me the effect of adrenaline on blood flow to the 


hind limb of a dog. This work was supported by Grant No. B 1320 from the Institute for Neuro- 
logical Disease and Blindness, Public Health Service, U.S.A. 
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THE ESTIMATION OF URINARY KALLIKREIN 


By E. W. HORTON* 
From the Department of Pharmacology, University of Edinburgh 
(Received 20 February 1959) 


Kallikrein has generally been estimated by comparing its depressor effect on 
the dog’s blood pressure with that of a standard preparation (Frey, Kraut & 
Werle, 1950). If a suitably designed assay is used precise results can be 
obtained (Krumm-Heller & Salesse, 1956). This method has several dis- 
advantages; it is relatively insensitive, slow (a dose interval of 15 min may be 
required) and non-specific. In addition, dogs are expensive and are not always 
readily available, and only a few assays can be performed on any one animal. 

The present investigation was undertaken in an attempt to find a method 
with fewer of these disadvantages. Different methods for the estimation of 
kallikrein in urine have been studied, and one has been developed in which 
dialysed urine is incubated with acid-treated dog’s plasma under standard 
conditions. This method. can detect 2-5 m-u. of kallikrein and is therefore 
about 100 times more sensitive than the dog’s blood pressure method. It has 
been described in a communication to the Physiological Society (Horton, 
1958). 


METHODS 


Dog’s blood pressure. Dogs weighing 10-15 kg were anaesthetized with ether, the anaesthesia 
being continued with chloralose (80 mg/kg) infused intravenously. The trachea was cannulated 
and artificial respiration applied if necessary. The right femoral artery was cannulated for blood 
pressure recordings with a Hg manometer, using sodium thiosulphate (25%) as anticoagulant. 
Injections were made through a cannula in a femoral vein. 

Rabbit's blood pressure. Animals weighing 1-0-2-5 kg were anaesthetized with sodium barbitone 
180 mg/kg injected intravenously. The trachea was cannulated and artificial respiration applied 
when necessary. Blood pressure was recorded from a carotid artery with a Hg manometer and 
injections were made into a femoral vein. Heparin (30 mg/kg) was injected intagsenneiny when 
the dissection was complete. 

Guinea-pig’s blood pressure. Guinea-pigs weighing 400-600 g were anaesthetized with urethane 
(225 mg/100 g wt.) administered subcutaneously. The left carotid artery and right jugular vein 
were cannulated for the recording of blood pressure and the administration of injections, re- 
Spectively. A capillary-type Hg manometer (Condon, 1951) was used. Heparin (30 mg/kg) was 
injected intravenously when the dissection was complete. 


* Present address: The National Institute for Medical Research, Mill Hill, London, N.W. 7. 
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Rat's blood pressure. The technique described by Crawford & Outschoorn (1951) was followed, 
except that the anaesthetic was a mixture of urethane (60 mg/100 g body wt.) and sodium 
barbitone (50 mg/100 g body wt.). 

Isolated dog’s intestine. Segments of ileum, 3—5 cm in length, obtained post-operatively from 
dogs used for blood collections, were suspended in a 50 ml. bath containing atropinized (1 mg/l.) 
Tyrode solution. Doses were allowed to act for 2-5 min and a 15 min cycle was used. 

Isolated dog’s uterus. Segments of uterus 3-4 cm long obtained from exsanguinated dogs were 
suspended in a 50 ml. bath containing atropinized (1 mg/l.) Tyrode solution. 

Isolated rat's uterus. Virgin rats weighing 120-200 g were injected with stilboestrol (10 yg/ 
100 g wt.) 16—18 hr before use. Uteri were suspended in a 2, 6 or 10 ml. bath at 30-31° C; the de 
Jalon solution contained atropine sulphate (1 mg/l.). A dose cycle of 5 min with 40 sec contact 
was used. 

Isolated guinea-pig’s ileum. A 2-3 cm segment of terminal ileum from animals weighing 120- 
250 g was suspended in a 2, 6 or 10 ml. bath at 37° C. The Tyrode solution contained atropine 
sulphate (1 mg/l.) and mepyramine maleate (1 mg/l.). A dose cycle of 3 min with 30 sec contact 
was used. 

Dog's plasma. Dogs were anaesthetized with ether and exsanguinated via a polythene cannula 
in the carotid artery. The blood was collected in 200 ml. siliconed centrifuge bottles containing 
either heparin (2000 u.) or sodium citrate (1 g) and was centrifuged at 2000 rev/min for 30 min 
(4° C). The plasma was dialysed against running tap water for 24 hr and then against 4 vol. 
Tyrode solution for 24 hr at 4° C, the dialysate being changed twice. The plasma solution was 
then freeze-dried. Siliconing of the glassware was later omitted, as it was found to be unnecessary. 

Heated dog’s plasma. Plasma was incubated for 3 hr at 56-58° C immediately after separation. 
It was then dialysed and freeze-dried as above. 

Acid-treated dog’s plasma. Freeze-dried dialysed dog’s plasma was reconstituted by the addition 
of water. It was adjusted to approximately pH 2 (indicator paper) by the addition of 0-1 vol. 
n-HCl. This acidified plasma was incubated for 10 min at 37° C and then neutralized (pH 7-3) by 
the addition of n-NaHCO, solution. 

' Incubation method for kallikrein estimation. The sample of urine to be assayed was dialysed 
through cellophane for 24 hr against running tap water. The volume before and after dialysis was 
measured, allowance being made in the final calculations for the dilution which occurred. 

The urine was then diluted (1 in 10), and 0-5 ml. was added to 1 ml. acid-treated plasma and 
incubated at 37° C and pH 7-3. After 15 min 1 ml. of the incubation mixture was pipetted into 
a centrifuge tube containing boiling absolute ethanol. The mixture was boiled for 5 min and then 
centrifuged at 1000 rev/min for 20 min. The residue was re-extracted with 66% ethanol and the 
pooled supernatants were evaporated to dryness in vacuo. The residue was taken up in water and 
assayed on the isolated guinea-pig’s ileum against standard plasma kinin. The kallikrein content 
of the sample was determined by interpolation on a standard curve relating kallikrein concentra- 
tion to kinin production under the conditions specified. 

Standard kallikrein. 51. pooled male human urine was concentrated to a fifth of its volume in 
a climbing film evaporator. The concentrate was dialysed through cellophane tubing against 
running tap water for 48 hr. It was then mixed with 4 vol. acetone at 4° C. The precipitate was 
separated by centrifugation and dried in vacuo. The amorphous material was powdered and 
standardized against a sample of Padutin (Kallikrein; Bayer Products, Ltd.) kindly supplied by 
Dr E. Werle, on the dog’s blood pressure and by the incubation method described above. The 
extract contained 0-5 u./mg. 

Standard plasma kinin. 100 ml. acid-treated dog’s plasma was incubated with 5 u. human 
urinary kallikrein at pH 7-3 and 37° C for 2 hr. The mixture was then poured into 2 vol. of boiling 
absolute ethanol, boiled for 5 min, and centrifuged at 2000 rev/min for 10 min. The residue was 
re-extracted with 66% ethanol, and the pooled supernatants were evaporated to near dryness 
in vacuo at 50-60° C. The final stages of the evaporation were carried out in freeze-drying apparatus. 
The residue was a white powder, sd soluble in water. 
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RESULTS 


Blood pressure experiments 
The depressor action of human urinary kallikrein on the dog’s blood pressure 
was confirmed (Fig. 1), but in spite of a long dose interval (15 min), the sensi- 
tivity diminished. The preparation remained in good condition for up to 
6 hr with no respiratory embarrassment, but there was a gradual decline in 
the level of the blood pressure. The threshold dose was usually 0-5 u., equi- 
valent to the kallikrein content of about 2-5 ml. human urine. 


Saline 3 mi. 

Fig. 1. Dog 11 kg anaesthetized with chloralose 80 mg/kg. Blood pressure recorded with Hg 

manometer. K, human urinary kallikrein (mg); P, Padutin (units); dose interval 15 min. 


The urinary extract also depressed the rabbit’s blood pressure but the 
responses were very variable and the dose-response curve was flat. The blood 
pressure of the guinea-pig and the rat fell in response to a threshold dose of 
0-25 u. kallikrein, but the general condition of both these animals rapidly 
deteriorated with repeated dosage owing to respiratory failure, when dialysed 
urine was injected. 

Isolated tissue expervments 

Kallikrein stimulated the isolated dog’s uterus after a latent period of 2 min 
or longer. The sensitivity of the preparation was low and the responses were 
extremely variable. 

The isolated dog’s ileum responded very well to kallikrein provided that 
atropine sulphate was added to the Tyrode solution (Fig. 2). When atropine 
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was omitted the base line was extremely variable, with much more spontaneous 
activity. The gut responded to doses after a latent period of up to 2 min and 
continued to contract for some minutes after the dose was washed out. 
Relaxation was also prolonged. When a dose cycle of 15 min was used, the 
sensitivity tended to diminish. This suggested that the interval was too short. 


P 
1-0 0-1 0-1 1-0 


Fig. 2. Isolated dog’s ileum suspended in a 50 ml. bath containing Tyrode solution with atropine 
3 10-*. Conventions as for Fig. 1. Dose interval 15 min; dose washed out after 2-5 min; time 
marker 1 min. 


Incubation of kallikrein and heated plasma 

When kallikrein is incubated with plasma three reactions occur (Werle, 
1937); (1) the formation of a plasma kinin by the action of kallikrein, (2) its 
inactivation by kininase and (3) the inactivation of kallikrein by its inactivator 
in plasma (Fig. 3). If reactions (2) and (3) were prevented, the rate of kinin 
formation should be proportional to the kallikrein added, and this could form 
the basis for a method of assay. 
» The inactivators of kinin and kallikrein can be destroyed by heating plasma 
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at 56-58° C for 3 hr (Werle, 1934, 1937; Holdstock, Mathias & Schachter, 
1957). This has been confirmed. 

Figure 4 shows an experiment in which dialysed human urine was incubated 
with dialysed dog’s plasma, samples of the incubation mixture being tested on 
the rat uterus at 5 min intervals. Before incubation neither urine nor plasma 


K ll i} i 
inactivator 
Kallikrein —» Inactive end product 


Kininase 
Fig. 3. The reactions which occur when kallikrein is incubated with dialysed plasma. 


OP DU 1 6 11 16 21 26 min 


Fig. 4. Isolated rat’s uterus suspended in a 6 ml. bath containing de Jalon solution with atropine 
10-*. DP, 0-5 ml. dialysed dog’s plasma; DU, 0-1 ml. dialysed human urine. 5 ml. DP was 
incubated with 0-5 ml. DU at 37° C and 0-5 ml. samples of the mixture tested after 1, 6, 11, 
16, 21 and 26 min. 
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had any effect on the uterus. During incubation for 1 min plasma kinin was 
formed, and a peak was reached at about 6 min. Thereafter the kinin concen- 
tration fell owing to the predominance of destruction over formation. After 
26 min little kinin remained. 


1 6 11% 16 27 246 31 36 4 4% «51 56 61 66 671 min 
Fig. 5. Isolated rat’s uterus suspended in a 6 ml. bath containing de Jalon solution with atropine 
10-* at 30°C. 5 ml. dialysed dog’s plasma, which had previously been heated at 56° C for 
3 hr, was incubated with 0-5 ml. dialysed human urine at 37°C. Samples of the mixture 
were tested as follows: after 1 min incubation, 0-5 ml.; 6 min, 0-25 ml.; 11 min and at 5 min 
intervals thereafter 0-1 ml., until 61 min when 0-05 ml. was tested. 


The experiment was repeated using plasma which had been heated at 
56-58° C for 3 hr. Samples were tested for 70 min but no evidence of any 
kinin destruction was obtained (Fig. 5). It was concluded that the plasma 
kininase had been inactivated by the heat treatment. 

During the heating process some formation of plasma kinin occurred. This 
was removed by subsequent dialysis. However, heated plasma proved to be 
unstable in storage, for great depletion of the substrate occurred. 
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Incubation in the presence of cysteine hydrochloride 
Cysteine hydrochloride is known to be an inhibitor of the kinin-inactivating 
enzymes of serum (Frey et al. 1950) and the kidney (Rocha e Silva, 1955). This 
inhibition has been confirmed, but high concentrations (1 mg/ml.) of cysteine 
hydrochloride were necessary for complete antagonism of plasma kininase. 


oo 11 21 3 41 51 61 min 
Fig. 6. Isolated rat’s uterus suspended in a 6 ml. bath containing de Jalon solution with atropine 
10-* at 30°C. 0-1 ml. of the following incubation mixture was tested at 5 min intervals; 
2 ml. dialysed dog’s plasma, 40 m-u. urinary kallikrein and 2 mg cysteine HCI incubated at 
37° C: at 35 and 55 min ( | ) 20 m-u. kallikrein was added to the incubated mixture. 


Kallikrein was incubated with dog’s plasma in the presence of cysteine 
hydrochloride (Fig. 6). A plateau of kinin concentration was quickly reached. 
When more kallikrein was added more kinin was formed and a second plateau 
occurred, This was seen again when still more kallikrein was added. It was 
concluded that the first two doses of kallikrein were inactivated before all 
the kininogen had been exhausted. This suggests that cysteine hydrochloride 
does not block the kallikrein inactivator of plasma. On the other hand the 
blockage of kallikrein may be due to the cysteine itself. 
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Incubation of kallikrein and acid-treated plasma 
Many enzymes are inactivated by incubation at a pH far removed from their 
optima. This was found to be a convenient way to inactivate both kininase and 
the kallikrein inactivator. 
In the experiment illustrated in Fig. 7a urinary kallikrein was incubated 


Min 1 4 7 10 13 16 19 22 25 28 31 34 37 4 43 4 49 52 55 K 
mi. 0-1 


Min 1 4 7 1013 1619 22 25 28 34-37 40 43 46 49 52 55 58 61 
mil. 0-1 0-05 0-02 0-01 


Fig. 7. Isolated guinea-pig’s ileum suspended in a 6 ml. bath containing Tyrode solution with 
atropine 10-* at 37°C. At | 125 m-u. kallikrein was added to the incubation mixture; 
K, 125 m-u. kallikrein added to the organ bath. Samples of the following mixtures, incubated 
at 37° C, were tested at 3 min intervals: (a) 5 ml. dialysed dog’s plasma +125 m-u. urinary 
kallikrein ; (b) 5 ml. dialysed dog’s plasma, previously incubated at pH 2 and 37° C for 10 min 
and then neutralized, +125 m-u. urinary kallikrein. In (a) the dose was 0-1 ml. of mixture 
throughout, but in (6) it was 0-1 ml. at 1, 4 and 7 min, 0-05 ml. at 10 min, 0-02 ml. from 
13 to 37 min and 0-01 ml. from 40 min onwards. 
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with dialysed dog’s plasma. Plasma kinin formation was followed by testing 
the incubation mixture at 3 min intervals on the guinea-pig’s ileum. A peak 
occurred somewhere between the first and fourth minute and then the con- 


r 

ij | centration of plasma kinin steadily declined owing to the action of kininase. 
At the 24th minute, when plasma kinin could no longer be detected, more 

| kallikrein was added to the incubation mixture. This was followed by the 


formation of more plasma kinin, showing that the substrate had not been 
exhausted by the kallikrein originally added. Since this process could be 
repeated several times before the substrate was exhausted, it suggested that 
the kallikrein was being inactivated fairly rapidly after its addition. This 
experiment provided confirmatory evidence for the three reactions shown in 
Fig. 3. 

When the experiment was repeated using acid-treated dog’s plasma the 
results were very different (Fig. 76). Plasma kinin continued to be formed up 
, tothe 40th minute, but there was no evidence of any destruction throughout 
| the experiment (64 min). When more kallikrein was added to the mixture no 
more kinin was formed, showing that all the substrate had been used up by the 
original kallikrein. Thus no kallikrein inactivation took place and it may be 
concluded that the acid treatment of dog’s plasma destroyed both kininase 
and the kallikrein inactivator. The acid treatment, unlike the heat treatment, 
did not liberate any kinin from dog’s plasma. 


{ The standard curve 


When kallikrein is incubated with acid-treated plasma a single reaction 
occurs (Fig. 8). If the incubation time is kept short (e.g. 15 min), the amount 
of substrate used up will be a small proportion of the total. Under these 
conditions the rate of kinin formation should be proportional to the concen- 
| tration of kallikrein in the mixture. 


Kallikrei 


Fig. 8. The action of kallikrein on acid-treated plasma. 


Acid-treated plasma was incubated with different concentrations of kalli- 
krein for 15 min, the reaction being stopped by pipetting 1 ml. of the mixture 
into boiling ethanol. After extraction the samples were assayed on the isolated 
guinea-pig’s ileum against a standard preparation of plasma kinin. The amount 
of kinin formed was plotted against kallikrein concentration (Fig. 9). Some 
| kinin formation occurred in the controls containing no kallikrein. In each 
| betch of test samples a blank was also run. 7 


18 PHYSIO. CXLVIII 


1 
2 
3 
ig 
| 
Plasma kininogen ———> Plasma kinin a 
4 
a 


276 E. W. HORTON 


15 


= 


Standard plasma kinin (mg) 


l J 
10 20 30 40 
Kallikrein (milliunits) 

Fig. 9. Abscissa, urinary kallikrein; ordinate, standard plasma kinin. Various doses of urinary 
kallikrein (dissolved in 0-5 ml. saline) were incubated for 15 min at pH 7-3 and 37° C with 
1 ml. dialysed dog’s plasma which had previously been incubated for 10 min at pH 2 and 
37° C and then neutralized with sodium bicarbonate. The plasma kinin formed was extracted 
with alcohol and estimated on the isolated guinea-pig ileum. 


Incubation pH 
The optimum pH of kallikrein was not determined precisely. Plasma kinin 
formation was estimated in incubation experiments carried out at widely 
different pH’s. The greatest formation of plasma kinin occurred within the 
pH range 7-9. Very little formation occurred below pH 6 and none below 


pH 5. Throughout the experiments described below, a pH of 7-3 has been 
maintained. 


Recovery experiments 
Solutions of standard kallikrein were assayed after dialysis for 24 hr against 
running tap water. No detectable loss of activity occurred (< 10%). Appre- 
ciable dilution occurred during dialysis and this was allowed for when cal- 
culating the results. 
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A mixture of kallikrein and acid-treated dog’s plasma was incubated until 
no further plasma kinin formation occurred. The concentration of plasma kinin 
in the mixture was estimated. The mixture was then extracted with alcohol by 
the method described above. Recovery of the activity in the final extracts 
was 95 + 10%. 

Parallel assays 

A sample of Padutin, the kallikrein prepared from hog pancreas, was 
assayed against the standard kallikrein by three different methods. The results 
are shown in Table 1. The incubation procedure gave a similar result to the 
blood pressure, but the figure for the intestine was rather low. 


TaBLe 1. Units Padutin (+8.£.) equivalent to 1 mg standard urinary kallikrein 


Dog’s B.P. 0-5 40-2 
Incubation method 0-47+0-14 
Dog’s intestine 0-15+0-05 


The excretion of kallikrein in human urine 

Urine specimens were collected over a timed period (up to 12 hr), and 
samples were dialysed through cellophane against running tap water for 24 hr. 
The kallikrein content of the dialysed urine was estimated by the incubation 
method. The results are shown in Table 2. The concentrations of kallikrein are 
expressed in terms of the original (undialysed) urine. The output per minute, 
over the period when the urine was formed, has been calculated. The 24 hr 
output has been estimated, based upon the same rate of excretion; it varied 
between 292 and 440 u. in the five samples. 


TasLE 2. The urinary excretion of kallikrein estimated by the incubation method (one subject) 


Kallikrein output 
no. m-u./min 
1 366 304 
2 236 203 
3 426 277 
4* 302 236 
5 302 305 
* Overnight specimen. 
DISCUSSION 
Blood pressure experiments 


Of the four species investigated the dog’s blood-pressure preparation was 
the most satisfactory, confirming the opinion of previous workers (Frey et al. 
1950). The dose-response curve was fairly steep and the response to a given 
dose was reasonably constant. ne 

If assays are performed with dialysed urine large volumes must be injected. 
The dog withstands such injections over several hours much better than the 


smaller animals, which develop pulmonary oedema rather quickly. Although 
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the rabbit, guinea-pig and rat respond to smaller threshold doses than the 
dog, their sensitivity on a basis of body weight is less. Thus they have to cope 
with relatively larger injection volumes and this may account for the more 
rapid onset of oedema. 

Sensitivity tended to diminish in the dog even when a 15 min dose interval 
was used. This was partly explained by the gradual fall in basal blood pressure. 
Krumm-Heller & Salesse (1956) used much shorter dose intervals without any 
evidence of loss of sensitivity, but they were using more highly purified 
kallikrein preparations, and injecting smaller volumes. 

All the blood-pressure procedures suffer from the common defect of lack of 
specificity. Dialysed urine may contain pressor or depressor substances other 
than kallikrein, and these may modify its depressor action. 

Isolated tissue experiments 

The slow response of the dog’s isolated intestine to kallikrein necessitated 
a long dose interval (15-20 min). Asa method of assay it is therefore very slow. 
On the other hand, it is more sensitive than the dog’s blood pressure preparation 
and a good dose-response curve can be obtained. The isolated dog’s ileum has 
previously been used as a qualitative test for kallikrein (Frey et al. 1950), but 
these experiments have shown that quantitative experiments are possible. In 
contrast, the isolated dog’s uterus was unsatisfactory for assays under the 
conditions used, owing to its unpredictable response. . 

Incubation experiments 

It has been shown that kallikrein can be estimated in terms of plasma kinin 
formation on incubation with acid-treated dog’s plasma. In selecting a suitable 
substrate there were two main requirements. It should not form kinin 
spontaneously, and it should not contain the inactivators of either kallikrein 
or kinin. 

Human plasma has been recommended as a substrate because it contains 
less kininase than the plasma of other species (Frey et al. 1950). However, 
kinin is formed from human plasma very rapidly on contact with glass (Arm- 
strong, Jepson, Keele & Stewart, 1955, 1957). In contrast, dog’s plasma 
formed very little kinin by glass activation, an observation which confirms 
that of previous workers (Armstrong et al. 1955). 

Kallikrein-like substances have previously been estimated by incubation 
with dog’s pseudoglobulin, in which kininase and the kallikrein inactivator 
were still present (Hilton & Lewis, 1956; Beraldo, Feldberg & Hilton, 1956). 
The amount of plasma kinin in such a system at any given time is determined 
by three simultaneous processes. Its formation will be proportional to the 
concentration of kallikrein; but its destruction will depend upon the rate of 
formation, for the kininase will only act at its maximum (constant) rate if there 
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is excess kinin. Finally, the effective concentration of kallikrein will decrease 
throughout the incubation period, at a rate which will depend, inter alia, upon 
its initial concentration. It seems likely that the three reactions will proceed at 
different rates, depending upon the amount of kallikrein added, and it is 
possible that the amount of plasma kinin formed will not be direetly propor- 
tional to the dose of kallikrein. If the inactivators were removed this method 
would be less open to criticism. 

Various ways have been described for either destroying or blocking the 
plasma inactivators. Werle (1934, 1937) showed that they were inactivated by 
heating plasma for 3 hr at 56-58° C. These findings have been confirmed. 
However, some kinin was always formed during the process, and the heated 
substrate was unstable on storage. 

Cysteine hydrochloride will block certain kinin-destroying enzymes (Werle & 
Grunz, 1939; van Arman, 1955; Rocha e Silva, 1955). High concentrations 
(1 mg/ml.) are required and these lower the pH of the incubation mixture so 
that neutralization is necessary. Complete block of kininase is difficult to 
achieve. As is shown in the present experiments, this method also has the 
' disadvantage that kallikrein inactivation still occurs in the presence of cysteine. 

Acid denaturation of plasma proteins has been used previously by workers in 
this field to obtain purer substrates. It has been shown that dog’s serum 
incubated at pH 3-9 and 37° C for 30 min, and then neutralized, is still capable 
of forming bradykinin on incubation with trypsin; but when such acid-treated 
dog’s serum was incubated with kallikrein, kallidin was not formed (van 
Arman, 1955). It was concluded that kallidinogen differed from bradykinogen 
in its stability to acid. Inactivation of kallidinogen was never observed in the 
present investigation even when plasma was incubated at pH 2 for 30 min. 
Hamberg & Rocha e Silva (1957) denatured bovine plasma by heating it at 
80-90° C with an equal volume of 0-2% acetic acid. The bradykininogen 
survived this treatment and kinin was not formed during it. On incubation 
with trypsin bradykinin was formed but its destruction was slower than with 
untreated plasma. Werle (1934) showed that the inactivation of kallikrein by 
plasma could be reversed by brief acidification, possibly owing to the denatura- 
tion of the kallikrein inactivator. 

Acid treatment of dog’s plasma is an effective and simple way of inactivating 
kininase and the kallikrein inactivator, without the formation of kinin or loss 
of the precursor. It has advantages over heat treatment and cysteine anta- 
gonism as a means of producing a substrate free from the inactivators. When 
this substrate was used in incubation experiments, the plasma kinin formation 
in 15 min was found to be directly proportional to the kallikrein concentration 
over a dose range of 2-5-40 m-u./ml. plasma. 

Under these conditions small amounts of kinin were formed in the controls 
containing no kallikrein. This spontaneous formation is very small compared 
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to the kinin formed from glass-activated human plasma. It is probably due to 
activation of an enzyme in the acid-treated plasma. Plasminogen and plasmin 
are fairly acid-stable and would probably survive the treatment. If plasmin 
were present or were released by glass activation, it might form plasma kinin 
by its proteolytic action, but it would probably be antagonized by the anti- 
plasmin present in plasma (Lewis, 1958). Untreated dog’s plasma incubated 
under similar conditions did not form kinin in detectable amounts. This 
difference may be accounted for by kininase, which would inactivate the 
slowly formed kinin before sufficient had accumulated to be detected. When 
the kininase is inactive, as in the acid-treated dog’s plasma, the kinin concen- 
tration steadily increases and can then be detected. 

Kallikrein is present in the blood in an inactive form. Under the acid condi- 
tions used in the preparation of the substrate it is likely to be at first activated 
and then destroyed, since it is acid-labile (Werle, 1934). It is possible, however, 
the plasma kinin formation in the blanks is due to residual endogenous 
kallikrein which has not been inactivated by the acid. From extrapolation on 
the standard curve it can be calculated to be equivalent to approximately 
1 m-u./ml. dog’s plasma. The kallikrein concentration of dog’s blood has been 
estimated to be 100 m-u./ml. (Frey et al. 1950). 

This spontaneous kinin formation limits the sensitivity of the incubation 
method. If doses of kallikrein less than 1 m-u. are used, the kinin formation is 
not appreciably greater than that in the blank controls. Nevertheless, it is 
a very sensitive method. It is thought to have some advantages over similar 
methods in which untreated pseudoglobulin was used as the substrate (Hilton 
& Lewis, 1956; Beraldo et al. 1956). Because the inactivators are destroyed, 
the incubation period need not be restricted to 1 min when the peak of plasma 
kinin concentration occurs with pseudoglobulin, but can be prolonged to 
15 min. The timing errors introduced by slight variations in technique 
(pipetting, etc.) will be relatively less with this longer period of incubation. 
Since the reaction is stopped abruptly in the new method, several doses of the 
same incubated mixture are available for assay, and a more elaborate com- 
parison can be made. Finally, in the method described here, the unknowns 
are assayed in terms of a standard extract of kallikrein. The results can thus be 
compared with figures obtained by other workers using different methods. 
This is not possible if the estimations are reported in terms of plasma kinin 
formation, since this will vary with each batch of plasma. 


Comparison of different methods 
The incubation procedure is the most sensitive of the methods described. 
It is at least 100 times more sensitive than the dog’s blood-pressure pre- 
paration and 50 times more sensitive than the dog’s isolated intestine. 
As mentioned above, all the blood-pressure preparations except that of the 
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dog are too unreliable for routine use. The dog’s isolated ileum is also satis- 
factory, but the sensitivity of both preparations tends to diminish. The 
incubation method does not have this disadvantage. 

The incubation method is at least as specific as any other method described; 
and if kallikrein is the only plasma kinin-forming substance in urine, then its 
specificity is probably much greater. Some doubt has been raised about 
specificity, because urine also contains urokinase, an activator of plasminogen 
(Astrup & Sterndorff, 1952; Ploug & Kjeldgaard, 1957). The plasmin liberated 
by this activation process forms kinin on incubation with dog’s pseudoglobulin 
but not on incubation with whole plasma, which contains excess antiplasmin 
(Lewis, 1958). Since whole plasma and not pseudoglobulin has been used in the 
present experiments, there was probably no interference from urokinase. 

From the results.of the parallel assays it was concluded that the active 
principles in human urine and hog pancreas which depress the blood pressure 
could be the same as those which form plasma kinin on incubation. The results 
on the dog’s intestine were not in complete agreement. It is possible that the 
pancreatic kallikrein contained some impurity which stimulates the dog’s 
ileum but lacks the other properties of kallikrein. 


The urinary excretion of kallikrein 
The results are few and refer to only one subject, but they suggest that the 
24 hr excretion rate (292-440 u.) is fairly constant. The figures fall within the 
normal range (56-550) found by previous workers using the dog’s blood 
pressure (Kraut, Frey, Werle & Schultz, 1934). 


SUMMARY 


1. Different methods for the estimation of urinary kallikrein have been 


investigated. 

2. A new method is described in which dialysed urine is incubated with 
dialysed dog’s plasma which has previously been treated with hydrochloric 
acid to destroy the inactivators of kinin and kallikrein. 

3. 2-5 m-u. kallikrein can be detected by this incubation method, which is 
therefore about 100 times more sensitive than that dependent on the dog’s 
blood pressure, the method for kallikrein estimations most frequently used in 
the past. 

4. With this incubation procedure the urinary output of kallikrein in one 
healthy subject was found to vary between 203 and 305 m-u./min. 
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THE ACTION OF INHIBITORS ON ENZYMES FROM 
HUMAN PLACENTAE 


By K. C. HOOPER 
From the Medical Research Council Clinical Endocrinology Research Unit, 
University of Edinburgh 


(Received 18 March 1959) 


It has been known for some considerable time that oxytocin and vasopressin 
are destroyed by homogenate of various organs and by body fluids (Heller, 
1957). However, the effect on rates of hormone destruction by homogenate 
treated with enzyme inhibitors has not been studied to any appreciable extent. 
Werle & Semm (1956) found that the inhibition of*serum oxytocinase by 
disodium ethylenediaminetetraacetate and 8-oxyquinoline could be reversed 
by Mn*+, Co*+ and Zn*+. Page (1946) stated that 0-1m iodoacetate did not 
inhibit plasma ‘Pitocinase’, and Birnie (1953) found that liver homogenate 
was unable to inactivate vasopressin when treated with 5x 10-*m Cu*+ or 
Zn*+, 

Homogenate of human placenta contains separate enzyme systems destroy- 
ing oxytocin and vasopressin (Hooper & Jessup, 1959). The work presented 
here describes the action of various inhibitors on these enzyme systems, and 
some conclusions concerning the nature of oxytocinase and vasopressinase 
are discussed. 

METHODS 
Preparation of enzymes 
Hooper & Jessup (1959) found vasopressinase activity mainly in the mitochondrial and micro- 
some fractions. The mitochondrial preparations used in the present work were made by suspending 
particles in a volume of NaCl solution 0-9 % (w/v) equal to } vol. of the homogenate from which 
they were sedimented. 

The particle-free supernatant containing oxytocinase activity (Hooper & Jessup, 1959) ob- 
tained by centrifuging homogenate at 28,000 g for 2 hr was cooled to 0° C. 0-8 vol. of saturated 
(NH,),SO, solution was added slowly, and the mixture stirred for a further 30 min in order to 
reach equilibrium, The inactive precipitate was removed and oxytocinase precipitated from the 
supernatant by addition of an equal volume of saturated (NH,),SO, solution. The active precipi- 
tate was sedimented and dissolved in pH 8 buffer. 

Incubations. Oxytocin and vasopressin (Pitocin, Pitressin; Parke, Davis & Co.) were incubated 
with enzymes at 37° C for 30 min in pH 7-5 buffer at an initial substrate concentration of 400 m-u./ 
ml. Reactions were terminated by boiling after the addition of 1/10 vol. x-HCl. The boiled 
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mixtures were neutralized with NaHCO, and NaCl concentration made up to 0-9% (w/v) by 
adding water. 

Most inhibitors were used at a concentration of 10-*m and were allowed a contact time of 15 min 
with enzymes before addition of substrate. Concomitant incubations in which boiled enzyme 
preparations were used were made, in order to show whether or not inhibitors affected either sub- 
strates or bio-assays. 

Biological assays. Oxytocin was measured either by the avian depressor method or by the iso- 
lated rat uterus method. Pressor activity of vasopressin was measured according to the procedure 
described by Dekanski (1952). Assays were of the bracketing type; two dose levels of ‘standard’ 
being given before and after two dose levels of ‘unknown’, the unknown being diluted until 
responses were approximately equal to those of the standard. Residual substrate concentrations 
were ) ponverted to enzyme concentrations by means of reference curves (Hooper & Jessup, 1959). 
The fiducial limits at a probability of 0-95 were calculated according to the method of Burn 
(1952). 

RESULTS 


Oxytocinase and vasopressinase were treated with compounds representing 
the more important classes of enzyme inhibitor. 


TaBie 1. Effect of metals on oxytocinase and vasopressinase 


Oxytocinase Vasopressinase 
Residual Inhibi- Residual Inhibi- 

Inhibitor substrate Enzyme tion substrate Enzyme tion 

(10-*m) conen. (%) (u./ml.) (%) conen. (%)  (u./ml.) (%) 
Enzyme 1-0 9-0 ° 30 1-3 -— 
Enzyme + Agt 52 1-3 86 33 (2443) 1-2 0 
Enzyme + Ba**+ 0-9 0 34 (27-41) 1-2 0 
Enzyme + Ca?+ 2-0 (1:2-3-0) 8-0 ll 24 (19-29) 1-5 ll 
Enzyme + Cu** 65 9 90 90 (78-100) 0-08 94 
Enzyme + Fe*+ 10 9-0 0 16 (11-20) 2-0 0 
Enzyme + Mg*+ 1-5 (1-0-2-0) 8-7 0 34 (22-46) 1-2 0 
Enzyme + Mn*+ 0-5 0 
Enzyme + Pb*+ 0-8 9-0 0 29 (21-38) 1-3 0 
Enzyme + Zn**+ 53 1-3 86 47 (33-61) 0-9 31 
Enzyme 5 1-9 — 
Enzyme + Mn*+ 4 (3-1-5-1) 2-0 0 


Oxytocinase and vasopressinase prepared as described in Methods. Enzymes suspended in 
pH 7-5 buffer and treated with 10-*m inhibitor for 15 min. Substrate then added to give concn. 
400 mu./ml., mixture incubated at 37° C for 30 min, boiled and assayed as described in text. 
Fiducial limits shown in parentheses. 

Effect of metals. Metals were used at a concentration of 10-*m. Excepting 
Hg**, metals had little effect on substrates or bio-assays and values obtained 
for control experiments by using boiled enzyme preparations are not recorded. 
Neither oxytocin nor vasopressin activity was found in control experiments 
with Hg*+ as inhibitor; the inhibitory effect of this ion could not therefore be 
determined. Table 1 shows that both enzymes were inhibited by Cu®+, and 
the effect of different concentrations of Cu** on oxytocinase is shown in Fig. 1. 
In addition to Cu*+, oxytocinase was inhibited by Ag+ and Zn?**, the latter ion 
also having a small but significant inhibitory effect on vasopressinase. Fiducial 


limits are given in instances where inhibitors caused small differences in sub- 
strate concentrations, 
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Effect of respiratory poisons. Azide, carbon monoxide (coal gas) and cyanide 
were chosen as inhibitors representative of this class. Control samples of 
azide produced a depressor effect on intravenous injection in test animals and 
it was impossible to assay hormones reliably under such conditions. Control 
samples of cyanide at 10-*m did not interfere with bio-assays. A possible 


100 - 
80 + 
60+ 
6 
= 
20 
0 
10-2 10-3 10-4 


Molar concn. of Cu**+ 
Fig. 1. Inhibition of oxytocinase by Cut*. Oxytocinase treated with Cu* pH 7-5 for 15 min at 
the concentrations indicated. Oxytocin added, incubated at 37° C for 30 min and residual 
substrate measured. Semilog. scale. 


TaB_eE 2. Effect of respiratory inhibitors on oxytocinase and vasopressinase 


Oxytocinase Vasopressinase 
Residual Inhibi- Residual , Inhibi- 
substra Enzyme tion substrate Enzyme tion 
Inhibitor conen. (%) (u./ml.) (%) conen.(%) (u/ml.) 
Enzyme 10 2-9 12 3-4 
Enzyme + Coal 10 2-9 0 14 (10-18) 31 0 
gas (CO) 
Enzyme + N, 5-5 (4-4-6-6) 3-6 0 15 ( 8-21) 3-0 0 
yme 1-0 9-0 30 1:3 
Enzyme +CN- 1-4 (0-9-1-9) 8-7 0 31 13 0 
(108m) 


For explanation, see Table 1. 


explanation of this is that HCN was expelled by boiling with HCl, as de- 
scribed under Methods. The effect of incubation under anaerobic conditions is 
also included in Table 2. Clearly, inhibitors of this class have no effect on 
oxytocinase or vasopressinase. 

Effect of reagents for thiol groups. lodoacetic acid, iodoacetamide and 
r-chloromercuribenzoate were selected from the large number of inhibitors of 
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this group. Results obtained with p-chloromercuribenzoate are not given, 
owing to the unfavourable reactions of test animals to this compound. It is 
apparent from Table 3 that thiol reagents are ineffective on the enzymes. 

Effect of ethylenediaminetetraacetic acid and fluoride. Ethylenediaminetetra- 
acetic acid is an effective chelating agent while fluoride is specific for Mg*+. 
These reagents did not affect enzyme activity (Table 4). 


Tas_z 3. Effect of thiolalkylating reagents on oxytocinase and vasopressinase 


Oxytocinase Vasopressinase 
Residual Inhibi- Residual Inhibi- 

Inhibitor substrate Enzyme tion substrate Enzyme tion 

(10-*m) conen. (%) (u./ml.)  (%) conen. (%) (u./ml.)  (%) 
Enzyme 10 9-0 — 30 1-3 _ 
— + iodoacetic 1-0 9-0 0 27 (20-35) 13 
Enz + iodoaceta- <1 >9-0 0 — —_ — 
Enzyme — — 6 1-9 
— + iodoaceta- _ — _ 7 (3-5-9-2) 1-7 0 

For explanation see Table 1. 
TaBLE 4. Effect of ethylenediaminetetraacetic acid and fluoride on oxytocinase and 
Oxytocinase Vasopressinase 
"Residual Inhibi- Residual Inhibi- 

Inhibitor substrate Enzyme substrate Enzyme 

(10-*m) conen. (%) (u./ml.) conen. (%)  (u./ml.)  (%) 
Enyzme 1-0 9-0 30 1-3 
Enzyme + ethylene- <1 >9 0 24 (16-33) 1-5 0 

acid 

Enzyme + F- <1 >9 0 27 (21-33) 1-3 0 
For explanation see Table 1. 


Effect of organophosphorus inhibitors. Some of these compounds appear 


to be specific inhibitors of enzymes having esterase activity. Di-isopropyl- 
phosphofluoridate (DFP) and tetraethylpyrophosphate (TEPP) are two of 
the more active and commonly used members of this group. In order to 
remove as much inhibitor as possible from test solutions, they were evapor- 
ated to dryness im vacuo and diluted to the original volume before bio-assay. 
DFP was removed completely by this procedure. TEPP, however, was not 
completely removed, and it was necessary to use atropinized animals for 
assay. Table 5 shows the striking difference in behaviour of oxytocinase and 
vasopressinase with these phosphorylating reagents. 

The significance of the effect of DFP and TEPP on the two enzymes is 
shown by the ¢ test. As can be seen from Table 5, there is no significant 
difference between the amounts of residual oxytocin obtained after incubating 
the hormone with boiled enzyme or enzyme treated with DFP or TEPP 
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(t values of 1-4 and 0-6). It may be inferred therefore that DFP, TEPP and 
boiling have the same effect on oxytocinase; that is, complete inhibition. 
Similarly, there is no significant difference between untreated vasopressinase 
and enzyme treated with DFP or TEPP (¢ values 0-9 and 0-3). The loss of 
vasopressin after incubation with enzyme plus DFP or TEPP is due to enzyme 
action; the fiducial limits of control experiments with boiled enzyme include 
100%. 
. Tanie 5, Effect of DFP and TEPP on oxytocinase and vasopressinase. 


Oxytocinase Vasopressinase 
Residual Group Inhibi- Residual Group Inhibi- 

Inhibitor substrate comparison _ tion substrate comparison tion 

(10-* m) conen. (%) (ttest) (%) conen. (%) (t test)  (%) 
Enzyme 8 (5-9-10-1) 9 ( 6-12) 0-9 
Enzyme + DFP 58 (30-85) 100 17 (11-22) 0 
Boiled ensyme + DFP 71 (568-84) 1-4 92 (59-124) 53 
Enzym 93:1 18 (12-23) 0-3 
+TEPP 100 17 (15-20) 0 
Boiled enzyme + TEPP 15 {60-89} 69 (32-105) ‘3 


Oxytocinase and vasopressinase treated with TEPP for 15 min and with DFP for 2 min before 
incubation with hormones. Solutions boiled, neutralized and evaporated in vacuo for 20 hr to 
remove inhibitors. Control experiments with boiled enzyme preparations show loss of sub- 
strate by the procedure; ¢ calculated according to Snedecor (1950). 


TaBLe 6. Regeneration “ exytocinans activity by cyanide and 


ethyl cetic acid 
Residual substrate Enzyme Inhibition 
Inhibitor conen. (%) (u./ml.) (%) 

Enzyme 1-0 9-0 son 
Enzyme + Cu*+ 65 0-9 90 
Enzyme +Cu** +CN- 23 (20-26) 3-0 66 
Enzyme + Cu*+ + ethylenediamine- 43 (23-63) 1-7 80 

tetraacetic acid 
Enzyme + Zn*+ 53 1-3 86 
Enzyme + Zn*+ + ethylenediamine- 61 (49-74) 1-0 89 

nzyme + : 
+CN- 0-3 >9 0 
Enzyme + Ag* + ethylenediamine- 70 (56-85) 0-5 95 

tetraacetic acid 


Oxytocinase treated with inhibitor (10-*m) for 5 min; cyanide (10~*m) and ethylenediamine- 
tetraacetic acid (4x 10-*m) then added; after 15 min substrate added and solution incubated. 
Fiducial limits in parentheses. 


Attempted reversal of inhibition by cyanide and ethylenediaminetetraacetic 
acid. The activity of heavy metal inhibited enzymes is frequently restored by 
chelating agents. Oxytocinase was inhibited with 10-*m Cu*+, Ag+ and Zn**. 
After a contact time of 5 min, 10-*m cyanide and 4 x 10-*m ethylenediamine- 
tetraacetic acid were added, the solutions kept for 15 min and then incubated 
with substrate. Table 6 shows that cyanide is more effective than ethylene- 
diaminetetraacetic acid in restoring enzyme activity. The inhibitory action of 
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Ag* is completely reversed but only some 30% reversal occurred with the 
Cu*+ inactivated system. 

The reactivation of Cu?+ inhibited oxytocinase by CN~ is shown as a function 
of time in Fig. 2. Control experiments showed that loss of substrate due to 
factors other than enzyme action was equivalent to 2 % regeneration of enzyme 
activity. 

The biological activity of oxytocin is destroyed by reduction of the disul- 
phide group. Air oxidation of the reduced hormone restores a considerable 
proportion of the original activity (Audrain & Clauser, 1958). It seemed per- 
tinent therefore to see if air oxidation of enzyme-inactivated oxytocin and 
vasopressin regenerated their biological activities. Solutions of enzyme- 
inactivated oxytocin and vasopressin were treated with a trace of ferric 
chloride and aerated for 20 hr. On assay it was found that no regeneration 
had in fact occurred. 
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Fig. 2. Reactivation by CN- of Cu*+-inhibited oxytocinase. Oxytocinase treated with 10-*m 
Cu** at pH 7-5 for 5 min, 10-*m CN- then added. Equal portions withdrawn after intervals 
of time, incubated with oxytocin at 37° C for 30 min, and residual substrate assayed. 


DISCUSSION 


Inhibitors were mixed with enzymes in the absence of substrate in order to 
permit reaction between inhibitor and free active centres of enzymes. It is 
known that some inhibitors which are ineffective at a certain hydrogen ion 
concentration become effective at a different concentration, owing to ioniza- 
tion of reactive groups in the enzyme. 7:5 is approximately the optimum pH 
for both oxytocinase and vasopressinase (Hooper & Jessup, 1959). Contac+ 
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between enzymes and inhibitors was therefore allowed at this hydrogen ion 
concentration. It is possible that inhibitors ineffective at pH 7-5 for 15 min 
would be effective at different hydrogen ion concentrations, or with a contact 
time greater than 15 min. 

Oxytocinase and vasopressinase are non-dialysable (Hooper & Jessup, 
1959). It may be assumed therefore that co-factors and easily removable 
metals are not necessary for activity. The absence of co-factors is a charac- 
teristic of proteolytic enzymes. The inability of ethylenediaminetetraacetic 
acid or fluoride to cause inactivation is further evidence that metals generally, 
and Mg*+ in particular, do not play important parts. | 

The absence of inhibition by anaerobic incubation and also by respiratory 
poisons indicates probably that oxytocinase and vasopressinase do not possess 
oxidase or dehydrogenase activity; in addition, it seems unlikely that they 
are metallo-enzymes. The inability of the —SH alkylating reagents iodoacetic 
acid and iodoacetamide to cause inhibition shows that —SH groups are not 
essential for activity. This result agrees with that obtained by use of respira- 
tory poisons, since active—SH groups are present in many dehydrogenase 
systems. There are however several enzymes with dehydrogenase activity 
which are not inactivated by thiol reagents. 

Inhibition of both enzymes by Cu*+, and of oxytocinase by Agt and Zn*+ 
also, does not reveal any fundamental property. Cu®+, Ag+ and Zn*+ belong 
to the class of mercaptide-forming metals; however, since Pb*+ and thiolalky- 
lating reagents do not inactivate the enzymes, the mode of inhibition by 
metals is unknown. Substantially complete reversal of Ag+ inhibition by 
cyanide suggests that Ag* reacts differently from Cu*+ and Zn**. 

The action of organophosphorus inhibitors is informative and reveals a 
difference between oxytocinase and vasopressinase. DFP inhibits esterases. 
It also inhibits the proteolytic activity of chymotrypsin and trypsin, which 
possess both esterase and proteolytic actions. TEPP has a similar action to 
DFP. It does not however invariably inhibit esterases, since trypsin is 
unaffected at pH 7-5 (Jansen, Fellows Nutting, Jang & Balls, 1949). Inhibi- 
tion of oxytocinase by both compounds suggests that the enzyme is a pepti- 
dase with esterase activity. Absence of inhibition of vasopressinase probably 
indicates that the enzyme is a peptidase devoid of esterase activity. 


SUMMARY 


1. Crude preparations of oxytocinase and vasopressinase were treated with 
enzyme inhibitors at pH 7-5 for 15 min before incubation with substrates. 

2. Respiratory poisons, chelating agents, thiol alkylating reagents and 
many metals were without effect on enzyme activity. 

3. Cu*+ inhibited both enzymes. 
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4. DFP and TEPP inhibited oxytocinase but vasopressinase remained 
unaffected. 

5. It is suggested that oxytocinase and vasopressinase are both peptidases, 
but the former in addition shows esterase activity. 


I thank Professors J. H. Gaddum, F.R.S. and R. J. Kellar for their interest in this work: 
Miss M. Vogt, F.R.S. for advice on bio-assays; and Miss M. Cruickshank and Mr J. Caird for skilled 
technical assistance. 
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Straaten (1933) was the first to suggest from experiments in dogs that release of 

gastrin played a part in the acid response of the stomach to vagal stimulation. 

This concept was further developed by Uvniis (1942) working with cats. Both 
claimed that participation of the antral mechanism was essential for high levels ; 
of acid secretion following vagal stimulation, but this view was soon rendered 
untenable by the work of Babkin & Schachter (1944) in dogs. They obtained a 
gastric secretion of normal volume and acidity on vagal stimulation despite 
complete extirpation of the pyloric region. Their work was followed by that of 
Pevsner & Grossman (1955), also on dogs, who obtained a profuse secretion 
with insulin hypoglycaemia after excision not only of the antrum but of the 
small intestine also. Experiments of this type, however, while establishing 
clearly that gastrin does not play an essential part in the production of vagus- 
stimulated acid secretion, leave unanswered the question of whether the 
hormonal mechanism takes any part in the process at all. — 

The principal objection to the acceptance of any contribution from the 
antrum in vagal responses was the work of Jemerin, Hollander & Weinstein 
(1943), who found no secretion in separated pouches in dogs following vagal 
stimulation by teasing with food or by insulin hypoglycaemia. In 1951 
Janowitz & Hollander (1951) reported further work with insulin hypoglycaemia 
and in addition by sham-feeding experiments on one dog only. They considered 
that their results constituted critical evidence that the vagus did not release 
gastrin. 

Burstall & Schofield (1953, 1954) found that with sensitive methods for the 
detection of secretion small but quite definite acid responses to vagal stimula- 
tion could be obtained in Heidenhain pouches in dogs. Psychic stimulation by 
teasing with food or by sham feeding was found to be more effective than 
insulin hypoglycaemia, since the latter stimulus involved an inhibitory 
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influence. Removal of the pyloric antrum abolished the responses, showing 
that they were due to gastrin release rather than to residual vagal innervation 
of the Heidenhain pouch. The actual amounts of secretion, however, were so 
small that it seemed unlikely that they could be of physiological significance 
unless it could be established that they were in some way being inhibited. 
A mechanism for such inhibition was revealed by the work of Woodward, 
Lyon, Landor & Dragstedt (1954), who showed that low antral pH inhibits 
release of gastrin. During vagal stimulation with the stomach empty the 
antrum will become rapidly acidified by unbuffered secretion from the gastric 
corpus. 

It was decided therefore to investigate sham-feeding responses in dogs with 
the antrum isolated as an innervated pouch. In anticipation of enhanced 
responses with this preparation, two of the dogs were provided with trans- 
planted pouches of the corpus. It was hoped that these would provide critical 
evidence of the release of gastrin by vagal stimulation. The remaining three 
animals were provided with Heidenhain-type separated pouches of the corpus. 


METHODS 
Operative procedures 
All surgery was carried out under ether-oxygen anaesthesia after induction with thiopentone, 
Heidenhain pouches were prepared as previously described (Burstall & Schofield, 1953), Trans- 
planted pouches were prepared by a modification of the procedure of Ivy & Farrell (1925) in which 
the pouch was implanted in the muscle of the abdominal wall instead of the mammary gland 
(Schofield, 1959). Oesophagostomy was carried out by the procedure described by Gregory (1950), 
a gastrostomy cannula having been inserted at one of the previous operations. 

Isolation of the antrum as an innervated pouch was performed as follows. An incision was made 
in the greater curvature approximately 7 cm from the pylorus and extending about one-third of 
the way towards the incisura angularis. The mucosa of the latter was gripped with tissue forceps 
and pulled through the opening so as to turn that portion of the stomach inside out. The incision 
‘was now continued, dividing mucosa only as far as the attachment of the tissue forceps. The 
mucosal layers of the antrum and of the stomach remnant were each approximated with an invert- 
ing suture, so that the antrum was isolated by a double mucosal septum. The antral side of the 
muscle incision was closed so as to complete the pouch, while on the corpus side the incision was 
extended along the greater curvature to provide an opening into the stomach about 3-4 cm in 
length. This was anastomosed to the first loop of jejunum and the duodenum was divided just 
below the pylorus. The duodenal stump was closed and the pylorus brought on to the skin on the 
right side. The complete preparation is shown in Fig. 1. 

One of these preparations was subsequently denervated by the following procedure. The muscle 
bridge connecting it to the stomach was divided and all lesser curvature vessels were cut. The 
branch of the gastroduodenal artery supplying the greater curvature was stripped and painted 
with 2% phenol in ethanol. 

Maintenance of animals 

The experiments were carried out on five dogs weighing between 10 and 15 kg. They were main- 
tained on a uniform regime of one meal daily, the standard ration being 300 g raw beef and 100 g 
dog biscuit. The total amount was adjusted in relation to the size and appetite of the animal. This 
was supplemented with cod-liver oil and a salt mixture of which 1 g was normally given daily. 

When oesophagostomized, the animals were fed at first through the gastrostomy, but after the 
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neck wound was well healed they were fed by mouth, the sides of the opening being held together 
with the hand. The standard meal was then 400 g raw meat in fairly large pieces. With some of the 
animals there was a tendency to regurgitate food through the oesophagostomy, apparently related 
to the small size of the stomach remnant. In these the bulk of the diet was reduced by giving up to 
half the calories as arachis oil, which was well tolerated. 500 ml. of water was given by stomach 
tube morning and night. One gram of salt mixture was added to each portion and to the evening 
_ supply 20 g sucrose, 2 g of a dried liver homogenate and up to 100 mg choline chloride, the amount 

of this last being increased according to the amount of arachis oil given. Cod-liver oil was given 
along with the meat. On this regime the animals maintained their weight through an oesophago- 
stomized period of from 6 to 12 weeks. 


Fistula 


innervated 


Duodenal 
stum antral 
uch 


Jejunum 


Fig. 1. Diagram to show the completed preparation of isolated innervated antrum 
and separated pouch. 


Experimental procedure 

Experiments were normally carried out after 16 hr fasting with access to water. Oesophago- 
stomized animals were given their morning supply of water 1 hr before the start of an experiment. 
Secretion was collected by the irrigation technique described by Burstall & Schofield (1953), The 
pouch is connected to a heated vertical tube and 10 ml. 0-005»-HCl is placed in the system. Move- 
ments of the pouch push the fluid up and down in the tube and produce thorough washing out of 
secretion. The system is emptied every 15 min and the fluid renewed. The acid secreted into the 
wash fluid is estimated by electrometric titration to pH 3-5 and 7-5. Very dilute acid rather than a 
neutral solution is used routinely for irrigation, to prevent inactivation of pepsin. The titration 
value of the 10 ml. of 0-005n-HCI placed in the pouch every 15 min is the base line for secretion by 
the pouch and is referred to as the control level. 

It was realized early that innervated antral pouches prepared as above usually contained some 
acid-secreting mucosa and their contents tended to become acidified on sham feeding. This was a 
fundamental difficulty and three methods were used to overcome it. In most cases the antral 
pouches were irrigated with warm 0-9% (w/v) saline through a fine catheter, at rates of flow of 
15-30 ml./15 min. In some experiments isotonic sodium bicarbonate was used. Sometimes the 
presence of the tube was found to stimulate the basal secretion of the corpus pouch and this was 
enhanced by irrigation, particularly if bicarbonate was used. The following technique was 
developed to deal with this situation. Aluminium hydroxide powder was mixed with an aqueous- 
based lubricating jelly (K.Y. jelly, Johnson and Johnson) until the mixture could just be injected 
down a short polyviny! chloride tube of 2-3 mm internal diameter ; 3-4 ml. of this paste was injected 

19-2 


Mucosal septum 
7 
— un 
A 


294 MAUNG PE THEIN AND B. SCHOFIELD 


into the antral pouch at the start of an experiment and 1-2 ml. at the start of each 15 min period, 
the amount depending on the quantity expelled by pouch movements. This mixture rarely stimu- 
lated secretion and held the pH of the pouch close to neutrality during sham feeding. 

There was often a tendency for a high basal secretion at the start of experiments. Usually this 
fell spontaneously and sham feeding was not carried out unless secretion had been at or close to the 
control level for three periods. Occasionally the basal secretion remained high and then a short 
period (15 min) of irrigation with 0-05x-HCi would bring it down, where it remained in spite of 
resumption of the neutral irrigation. 


Sham-feeding procedure 

The slit type of oesophagostomy was held open by gently inserting two fingers at the stomach 
end. The food was normally raw or lightly cooked meat in large pieces, fed one at a time. With the 
oesophagus opened as above these could not pass down beyond the opening. Asa further precaution 
the back of the oesophagus was gently swabbed at the end of each period of sham feeding to prevent 
saliva containing detached shreds from passing down. The gastrostomy cannula was normally 
opened at the end of an experiment to confirm the absence of meat from the stomach and a number 
of tests were carried out in which the stomach was thoroughly washed out via the oesophagus and 
gastrostomy after sham feeding as above. Only a few minute shreds of meat were found. 

The duration of feeding varied with different animals, but once a suitable pattern had been 
established for a given dog it was continued through the series of normal and inhibited responses. 
The first animal was given 3 sham feeds of 2-3 min each in each of two successive 15 min periods. 
The other animals were given a single sham feed of 5-10 min duration beginning at the start of a 
15 min period. Dog 85 was given a second 5 min feed at the start of the next 15 min period. 

In many of the experiments on the dogs with transplanted corpus pouches, the sham-feeding 
responses were potentiated by small doses of urecholine (urethane of 8-methyl-choline hydro- 
chloride) insufficient alone to produce secretion from the transplant. Subthreshold doses of para- 
sympathetomimetic drugs have been shown to increase the response of the parietal cell to hista- 
mine (Robertson & Grossman, 1948) and Grossman, Robertson & Ivy (1948) report that they 
potentiate the release of gastrin by distension. The drug was injected subcutaneously every 15 min, 
the subthreshold dose being 0-01-0-02 mg for one dog and 0-04—0-08 mg for the other. 


Inhibition of responses by acidification of the antral pouch 

In all animals the effect of acidification of the antrum on the response to sham feeding was 
investigated. For this purpose the antrum was irrigated as above with warm dilute HCl. In most 
experiments 0-05 acid was used, in some 0-1N and in a few 0-02N; the acid in each case was 
rendered isotonic by the addition of NaCl. The pH of the effluent from the antrum in these experi- 
ments was usually between 1-3 and 2-0. 

Motility studies 

In some of the experiments on the transplanted-pouch dogs the motility of the antral pouch 
was recorded. A small condom rubber balloon of 8-10 ml. capacity was placed in the pouch and 
connected via a water manometer to a volume recorder on a kymograph. The balloon was inflated 
to a pressure of 15 cm of water. 7 

Treatment of results 

The methods used were similar to those of Burstall & Schofield (1953). The acid output per 
15 minutes, however, has been here expressed in m-equiv/15 min instead of in ml. 0-1 n-HC1/15 min. 
For each experiment a basal level has been calculated as the mean of the total acid output for 
three 15-min periods before sham feeding. In a few cases, where the secretion was falling, two 
periods only have been used to calculate a basal level. Most of the sham-feeding responses were 
substantially over in 1 hr and for the comparison of these results the total acid output above basal 
level for 1 hr after sham feeding has been calculated for each experiment. A mean has been 


calculated for each series and compared with the mean of the inhibited series on the same anima! 
by Student’s test (Fisher, 1946). 
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RESULTS 

Sham feeding in Heidenhain pouches 
Examples of sham-feeding responses in Heidenhain pouches are shown in 
Figs. 2 (a), 3(a@) and 4 (a). Mean responses with statistical treatment are 
shown in Table 1. For the calculation of these means each response has been 
assessed as the total acid above basal level secreted during the first hour from 
the start of sham feeding. For comparison the corresponding figure for the 
psychic responses in the previous study of Burstall & Schofield (1954) is also 
given. 

In all cases clear-cut responses were produced, much larger than those 
obtained by Burstall & Schofield (1954). The peak of secretion was in most 
cases in the third 15 min period and the response was substantially over in 1 hr. 
In one animal, D6, the peak commonly was at the end of the second 15 min 
period. 
Sham feeding in transplanted pouches 

The transplanted gastric pouch is generally recognized as a preparation 
refractory to secretory stimulants. Previous attempts to obtain responses to 
psychic stimulation with it had been unsuccessful (Schofield, unpublished 
results). After the innervated antrum had been isolated, however, satisfactory 
responses were obtained in one dog. Although considerably smaller than those 
seen in Heidenhain pouches, they were larger than those of the previous series. 
In the other transplanted preparation the ordinary responses were very small 
and only just attained the low level necessary for significance in the previous 
study (Fig. 6 (a)) (Burstall & Schofield, 1953). Potentiation with urecholine, 
however, produced responses as large as those of one of the Heidenhain pouches 
but usually of longer duration. Typical examples from these experiments are 
seen in Figs. 5 (a), (c), (d) and 6 (0). 


Effect of denervation of the antral pouch 

In one animal, D2, the antral pouch was denervated as completely as 
possible. After this operation the response to sham feeding was completely 
abolished. Secretion from the corpus pouch occurred, however, when the 
oesophagostomy was held closed and the animal was given a meal into the 
stomach (see Fig. 2 (c)). The denervation procedure has not yet been carried out 
on the other dogs which are being used in further investigations on the effect of 
feeding. 

Effect of acidification of the antrum 

In all animals the effect of acidification of the antrum on the responses to 
sham feeding was investigated. The mean responses to sham feeding were in all 
cases markedly reduced and in some individual experiments the secretion was 
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(a) 
06+ 
04 


m-equiv HCI/15 min 


0-00 
0 My 
1 2 3 hr 


Fig. 2. Experiments in Heidenhain-pouch dog D6. (a) Typical response to sham feeding with 
isolated vagus-innervated antrum. (>) Similar experiment during irrigation of the antrum 
with 0-04m-HCl. (c) Sham feeding following denervation of antral pouch. At the end of this 
experiment (M) the animal was given 300 g meat with the oesophagostomy held closed so that 
the food passed into the stomach. 

In all diagrams of experiments total acid output (m-equiv/15 min) is shown by the con- 
tinuous black line; the fine interrupted line indicates the control level or titration value of the 
10 ml. 0-005N-HCI placed in the pouch every 15 min; the figures adjacent to each acid 
response indicate the total output in m-equiv during the first hour following sham feeding; 
sham feeding is indicated by S and short lines indicating the duration of the sham-feeding 
periods; acidification of the antrum is indicated by a band of horizontal cross-hatching 
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K6, Heidenhain-pouch ; 
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Fig. 3. (a) Control sham-feeding response, Heidenhain-pouch dog K 6; (b) sham-feeding response 
during antral irrigation with 0-1 s-HCl. 


TaBLe 1. Sham-feeding responses in separated pouches with isolated innervated antrum 


(acid outputs in m-equiv/Ist hr) 
Antrum 
Antrum neutral Antrum acidified denervated 
Heidenhain type 
K6 0-41+40-06 (4) 0:1440-06(4)¢ 
P < 0-02 
D6 1-3140-17 (5) 0324011 (4)¢ 49  0-0140-13 (3) 
P <0-001 
85 0-61+40-08 (4) 0154008 (4)¢ 42 
P <001 
Transplanted type 
AT 0-19+0-02 (7)  0-0340-02(3)¢ 70 
P < 0-001 
M6 (urecholine-potentiated) 0-44+0-03 (3) 81 
P <001 


Psychic responses in normal Heidenhain pouches (Burstall & Schofield, 1954) 
Antrum in situ Antrum excised 
0-11+40-08 (45) 0-01+0-01 (37) 
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almost abolished. Examples of inhibited responses are shown in Figs. 2 (5), 
3 (b), 4 (b), (c), 5 (b), (e) and 6 (c). The means of the inhibited experiments are 
given in Table 1 and the significance of the differences is indicated by the ¢ test. 
In each dog the mean shows a highly significant reduction compared with the 
control sham-feeding series. In some dogs, however, there were occasional 
experiments in which the reduction was much less than the others. A well 


0-67 
03 
(a) 
0 2 3 hr 
(b) 


m-equiv HCI/15 min 


0 
0 — 2 3 hr 
Fig. 4. (a) Control sham-feeding response Heidenhain-pouch dog 85; (b) small response to sham 
feeding during antral irrigation with 0-1 -HCl—three inhibited responses in this animal were 
of this type; (c) isolated large sham-feeding response occurring during antral irrigation with 
0-1 n-HCl; only one result of this type occurred in this dog. 


marked example is shown in Fig. 4 (c) from the Heidenhain-pouch dog 85. The 
subsequent three experiments with acid irrigation all showed a very marked 
reduction (Fig. 4 (b)) and the mean for the whole series of four indicates a very 
high inhibition. One possible cause of results of this type is inadequate irriga- 
tion due to the soft tube becoming coiled back on itself as a result of antral 
motility. This is difficult to exclude, since it may correct itself. Another may be 
the existence of some antral mucosa in the stomach remnant made temporarily 
neutral by biliary regurgitation through the gastro-enterostomy. 

No attempt has been made to determine the threshold of acidity for the 
inhibitory effect. An antral pH below 2 was aimed at in the inhibitory experi- 
ments, and it was usually between 1-3 and 1-5. 
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A7 transpianted-pouch 


02 Antrum acidified 
0-1 
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m-equiv HCI/15 min 
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Fig. 5. Experiments on transplanted-pouch dog A7. (a) Control sham feeding; (b) sham feeding 
during antral irrigation with 0-05x-HCl; (c) control sham feeding potentiated with sub- 
cutaneous urecholine (U) 0-02 mg/15 min; (d, e) control sham feeding and sham feeding with 
acid irrigation both during potentiation with subcutaneous urecholine (U) 0-02 mg/15 min. 


Motility studies 

In the two transplanted-pouch dogs the motility of the antrum was recorded 
with a small balloon during sham-feeding experiments. The records showed a 
continuous high degree of motility consisting of large contractions occurring at 
3/min. These contractions were not associated with secretion of the transplant. 
During the sham-feeding period there was a marked diminution of the ampli- 
tude of these contractions and sometimes their complete cessation for a short 
time. Examples are shown in Figs. 7 and 8. In spite of this reduction of 
motility there was always an increase of secretion during the sham-feeding 
period. When the sham-feeding response died away, the motility of the antrum 
continued so that in these experiments there was no positive correlation 
between antral motility and secretion of the separated pouch. 


Amounts of acid secretion in sham-feeding experiments 
related to meal secretion 
In considering the importance of the sham-feeding responses described above 
it is useful to relate them to the secretory performance of separated pouches 
under ordinary feeding conditions in otherwise normal dogs. One of the 


), 
| 
= = 
t. 
ts) 
1¢ 2 3 $4 5 hr 
0-42 
= 
(<) 
3 4 5 hr 
(4) 0-25 ‘Antrum acidified 
(e) 
= 


300 MAUNG PE THEIN AND B. SCHOFIELD 


animals, Heidenhain-pouch dog D6, showed a mean hourly output of 1-34 + 
0-17 m-equiv in sham-feeding responses, which is a considerably higher secre- 
tion rate than that usually attained by ordinary Heidenhain pouches following 
normal feeding. 

Unfortunately, a straight comparison between feeding experiments before 
antral isolation and unpotentiated sham-feeding experiments can be made 
in only two of the dogs, one ‘Heidenhain’ and one ‘transplant’. In the former 
the feeding experiments were with meals of standard diet, in the latter they 
were small meals of 100-200 g of meat. In each case the acid output for the peak 
hour following feeding has been determined and compared with the rate for the 
hour following sham feeding. The results are shown in Table 2. 


02 M6 transplanted-pouch 
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(b) 0-47 

= 


4hr 


Figs. 6. Experiments on transplanted-pouch dog M6; potentiation by subcutaneous subthreshold 
dose of urecholine (U) indicated by broken line. (a) Sham feeding without potentiation ; this 
response would be just acceptable as positive by the standards of Burstall & Schofield (1953) ; 

es oo organs with potentiation; (c) potentiated sham feeding with antrum acidified with 
N- 
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The sham-feeding outputs are slightly higher but the differences are not 
significant. The histamine maxima for the pouches have been included to 
emphasize the fact that these pouches were capable of high rates of secretion 
when suitably stimulated. In our experience the rates of secretion for Heiden- 
hain pouches responding to meals from a basal state are very low compared 
with their response to histamine. This is similar to the experience of Hood & 
Code (1950). 
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Fig. 7 
40305" 
Sham fed 
5 sec 


m-equiv HCI/15 min 
| 


1 1} hr 


Fig. 8 
Figs. 7 and 8. Record of sham feeding responses and antral motility in transplanted-pouch dog A’. 

The upper record shows antral pouch movements; the scale on the right shows pressure in 
the balloon (em/H,0); the horizontal line is a reference line to permit correct alignment of 
different portions of the record. Acid output (m-equiv/15 min) is shown in the lower graph by 
the solid black line; the interrupted line is the control level. 

Since the full kymograph record is approximately 4 ft./hr only a part can be shown. A repre- 
sentative portion of at least 2 min duration has been taken from each 15 min collection 
period. Where the motility record is of special interest, i.e. during sham feeding, a longer 
portion is illustrated, but the distance between two vertical lines always represents 15 min on 
the time scale of the acid-output graph, irrespective of its actual linear measurement; to 
emphasize this point where a long portion of motility record has been taken only the central 
portion of the line representing acid output has been drawn solid. 
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Tasie 2. Comparison of sham-feeding responses after antral isolation with peak hour of secretion 
following normal meals in the same dogs before antral isolation 


Output of acid (m-equiv/hr) 
Peak hour after | Hour following Histamine 


Dog feeding max. 

85 (Heidenhain) (4) 0-48+0-10 (4) 0-61+40-08 5-7 
t=<14 03 >P>02 

A7 (transplant) 4) 0-1440-01 (7) 0-19 40-02 2-6 
t=217 02>P>01 


DISCUSSION 


It has been shown that after isolation of the pyloric antrum as an innervated 
pouch, sham feeding will produce acid secretion in separated gastric pouches 
of both the Heidenhain and transplanted types. The Heidenhain-pouch re- 
sponses are much larger than those seen in the earlier studies of Burstall & 
Schofield (1953, 1954). The results therefore confirm the suggestion that the 
previous very small responses were the results of inhibition by the effects on the 
anthrum of the acid secreted in the body of the stomach. Longhi, Greenlee, 
Bravo, Guerrero & Dragstedt (1958) have recently claimed that the inhibitory 
effect on secretion of acid in the antrum depends entirely on suppression of 
gastrin release and not on an inhibitory hormone as was suggested by Jordan & 
Sand (1957). Unpublished studies in this laboratory, in which the effect of 
acidification of the antrum was tested against a low-level plateau of acid 
secretion produced by histamine, support their conclusion. The results there- 
fore provide further confirmation of the view put forward by Burstall & 
Schofield (1954) that the small responses of Heidenhain pouches to vagal 
stimulation were due to gastrin release and not to residual parasympathetic 
innervation of the pouches. Final proof that the vagus can release gastrin is 
given by the successful production in two dogs of definite acid responses to 
sham feeding in transplanted pouches of the gastric corpus. 

Further evidence that the antrum is the source of the hormone released by 
the vagus comes from the effect of denervating it in one of the dogs. In this 
animal, which had previously given the largest sham-feeding secretion of the 
whole series, antral denervation totally abolished the response. Additional 
confirmation comes from the effects of acidification of the antrum in all the 
animals. This always reduced the sham-feeding response and sometimes almost 
completely abolished it. It might be argued that if acidification of the antrum 
can suppress gastrin release then the response should disappear entirely. In 
practice all dogs showed some experiments with virtually complete inhibition 
but some showed an occasional sizeable response. A possible explanation of 
this might be inefficient irrigation of the antrum, since presumably any smal! 
area of unacidified mucosa would be able to release gastrin. 
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Another possibility is that some antral mucosa was left behind in the 
stomach remnant. The first animal (D6) has a large antral pouch which 
definitely contained acid-bearing mucosa, since it showed some response to 
histamine. In the subsequent preparations the antral pouches were made 
smaller to minimize this complication. It seems not unlikely that this may 
have led to some antral mucosa having been left behind. This must lie adjacent 
to the gastrojejunostomy where it is liable to be bathed in alkaline fluid regurgi- 
tated into the stomach. Such vagus-innervated mucosa might at times be thus 
kept at a sufficiently high pH to release gastrin in a sham-feeding response and 
would not be affected by acidification of the antral pouch if no inhibitor is 
released. The denervation result shows that this process did not play any part 
in dog D6, as might be expected in view of its large antral pouch. The fact that 
the means of all the inhibited responses show a highly significant reduction 
suggests that it plays no major part in the sham-feeding responses of the other 
dogs also, but it does remain as a possibility to account for an occasional size- 
able response with an acidified antral pouch. Further work is continuing on the 
animals in relation to feeding responses, and this matter cannot be finally 
resolved until it is completed. 

The demonstration that vagal stimulation by sham feeding can release 
gastrin is in agreement with the recent observations of Oberhelman, Rigler & 
Dragstedt (1957) who obtained large responses to insulin hypoglycaemia in 
Heidenhain pouches following isolation of the innervated antrum. Their 
interpretation of the significance of the responses, however, is that gastrin 
release is not a primary effect of vagal stimulation but is secondary to increased 
antral motility. This claim seems unjustified. Lorber, Komarov & Shay (1950) 
reported that the tonus and motility of the antrum were diminished on sham 
feeding. This type of response has been observed in the present study in the 
two dogs with transplanted pouches of the corpus, but associated with 
increased acid secretion from the transplant. Considerable motility had been 
present in the antrum before sham feeding without secretion from the corpus 
pouch. It would appear therefore that vagal release of gastrin need not be 
dependent on increased motility and is a direct effect of vagal stimula- 
tion. 

Gregory (1958) has recently reported that large responses to teasing with 
food and sham feeding can be produced in Heidenhain pouches after the 
development of anastomotic connexions between the portal and systemic 
venous systems. These responses would appear to be due to a blood-borne 
transmitter previously inactivated in the liver. There is some evidence that this 
material could be released in a dog after antrectomy, and obviously further 
work is required before the relation between these observations and the present 


series can be fully determined. 
The acid responses in the original studies of Burstall & Schofield (1953, 1954) 
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were so small that it seemed unlikely that they could be of physiological signifi- 
cance. The present investigation has revealed and removed a potent source of 
inhibition. The amounts of gastrin now released are at least large enough to 
sustain temporarily secretion rates as high as those of separated pouches in 
normal dogs secreting in response to meals. It must be remembered, however, 
that they are still small compared with the peak performance of these pouches 
as revealed by histamine stimulation. In conclusion therefore this study leaves 
the physiological importance of vagus-released gastrin still uncertain, but it 
does provide critical evidence of its release in appreciable amounts when pH 
conditions in the antrum are favourable. 


SUMMARY 


1. Five dogs have been prepared with vagus-innervated pouches of the 
pyloric antrum. Three of these were also equipped with Heidenhain type and 
two with transplanted pouches of the gastric corpus. 

2. In the Heidenhain pouches sham feeding produced acid responses very 
much larger than those previously observed in ordinary Heidenhain pouches 
with the antra im situ and exposed to acid secreted from the body of the 
stomach. 

3. Smaller but satisfactory responses were observed in the transplants and 
these could be considerably increased by potentiation with subthreshold doses 
of urecholine. These responses in transplants constitute critical evidence of 
vagal release of gastrin. 

4. Inall the dogs acidification of the antrum greatly reduced and sometimes 
almost abolished the sham-feeding response. 

5. The increase in the sham-feeding responses over those previously observed 
appears therefore to be due to removal of the inhibitory effect of acid in the 
antrum. 

6. Denervation of the antral pouch in one Heidenhain-pouch preparation 
completely abolished the response to sham feeding. 

7. Since the action of acid in the antrum is a suppression of gastrin release 
rather than release of an inhibitor substance, the acidification experiments 
together with the one denervation result would appear to establish the antrum 
as the principal source of vagally released gastrin. 

8. Motility studies on the two transplanted-pouch preparations show that 
considerable antral motility can occur without secretion of the corpus trans- 
plant, and that on sham feeding secretion can occur along with reduction in 
antral motility. These results suggest that vagal release of gastrin is a primary 


effect and is not dependent on increased antral motility. 


9. The amounts of gastrin released on sham feeding are high enough to sus- 
tain temporarily secretion rates at least as high as those produced at the peak 
of the response to normal meals by similar pouches in dogs with antra in 
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normal continuity. The physiological importance of the response, however, is 
still to be determined. 


The work was carried out during the tenure of a grant to M.P.T. from the University of Rangoon 
and a part of the expense was covered by a grant from the M.R.C. to B.S. We are very grateful to 
Miss Joyce Smith for technical assistance. 
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This paper deals primarily with the current-voltage relationship of the nerve 
membrane immersed in potassium-rich media. The existence of a discontinuous 
or threshold phenomenon in the nerve membrane which had been rendered 
‘inexcitable’ by potassium has been reported recently by three independent 
workers, namely by Stampfli (1958) and Mueller (19584, 6) in the frog nerve 
fibre, and by Segal (1958) in the squid giant axon. The essential feature of the 
phenomenon may be illustrated by Segal’s observation on squid axons immersed 
in a solution containing 100 or 400 mm potassium acetate and 0-6 mm potassium 
bicarbonate, made isotonic by adding sucrose. Upon application of anodal 
(hyperpolarizing) current pulses above a certain ‘threshold’ intensity, the 
axons were found to develop large ‘hyperpolarizing responses’. These responses 
could be ‘abolished’ by cathodal current pulses and were followed by a kind 
of refractoriness. 

Stampfli regarded this phenomenon as having been expected from the 
sodium theory (Hodgkin & Huxley, 1952): the discontinuity was explained as 
possibly due to the shift of the membrane potential from the ‘equilibrium level’ 
determined by potassium ions to the level determined by chloride ions. Ob- 
viously, this explanation is not quite consistent with Segal’s results on the 
squid axon, in which the discontinuity was shown in the absence of chloride in 
the medium. Furthermore, the hyperpolarizing response reported by Sega! 
was associated with a large change in the membrane conductance, while the 


discontinuity observed by Stampfli was attributed to a change in the e.m/f. of | 


the membrane. 


Mueller was interested mainly in demonstration of long ‘depolarizing 
responses’ in the absence of sodium in the medium. His explanation was 
based on the assumption that the action potential is generated by chemical 


processes, the equilibrium of which is affected by the membrane potential 
(Mueller, 19585). 
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The main purpose of the present investigation was to analyse the mechanism 
underlying this discontinuous phenomenon in the squid giant axon and in the 
node of Ranvier of the toad myelinated nerve fibre. As the analysis of the 
data progressed, it became evident that this and other allied phenomena can 
best be interpreted on the basis of the two-stable-state hypothesis (Tasaki & 
Hagiwara, 1957 ; Tasaki & Spyropoulos, 1958). In this hypothesis it is assumed 
that the nerve membrane is capable of undergoing a reversible physico-chemical 
change which gives two stable configurations. The process of initiation and 
abolition of the action potential is interpreted as transitions between the two 
stable states of the membrane (Tasaki, 1956). The present analysis indicates 
that the nerve membrane immersed in potassium-rich media is in the ‘upper 
stable state’ of the membrane, which normally represents the excited state, 
and that anodal current pulses are capable of inducing transitions to the 
‘lower stable state’ of the membrane. 

In the Appendix of this paper it will be shown that ‘hyperpolarizing re- 
sponses’ similar to those in the nerve membrane can be demonstrated in the 
electro-chemical model of the two stable states, namely in the iron-nitric acid or 
iron-sulphuric acid systems. 


METHODS 

Observations on squid giant axons. The material used was North Atlantic squid, Loligo pealii, 
available at the Marine Biological Laboratory at Woods Hole. A giant axon 0-4-0-6 mm in 
diameter and approximately 40 mm in length was partially cleaned after removal from the body 
of the animal. The axon was then mounted horizontally on a glass plate about 35 mm wide. A set 
of electrodes consisting of two silver wires each 50 y in diameter was introduced into the axon by 
the technique described previously (Tasaki & Hagiwara, 1957). One of the wires had an exposed 
surface extending over 17 mm of its length, and the other had a bare region of 1 mm in the middle 
of the bare surface of the other wire. The wire with the long exposed surface was used to apply 
pulses of constant current to the axon and the other wire with the short exposed surface was used 
to record the potential difference across the membrane. 

Circuit A in Fig. 1 was used to measure the membrane impedance at the same time as the 
membrane potential. This circuit is an a.c. Wheatstone bridge, the surface membrane of the axon 
comprising one arm. The terminals shown at the top of the figure were connected to the sources 
of rectangular voltage pulses (Tektronix pulse generator Type 161) and of sinusoidal waves 
(General Radio beat-frequency oscillator Model 130 XA). Resistance R, in the ratio arm was 
0-5 MQ; this high resistance served to keep the membrane current constant when the membrane 
resistance varied during the period of current flow. The other resistance, R, in the figure, was 
50 kQ, the ratio of R, to R, thus being 10. The variable resistance, R,, was an ordinary decade 
resistance box (General Radio Type 1432-N) and the variable capacitor varied between 0-01 and 
10 uF. 

The output of the bridge (Z in the figure) was amplified with a differential amplifier (Tektronix 
type 122, operated at a gain of 100) used in conjunction with paired cathode-follower stages. The 
frequency of the bridge a.c. was between 0-5 and 6 ke/s. The amplitude of the bridge a.c. across 
the axon membrane was not allowed to go above 1-2 mV. The non-sinusoidal components in the 
impedance bridge output were eliminated by using an electronic filter (Spencer Kennedy Labora- 
tory, Model 302) tuned to the bridge frequency. The simultaneous record of the membrane poten- 
tial (V) was obtained by connecting the output of one of the cathode followers directly to the 
input of an oscilloscope. 
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When a simultaneous recording of the membrane potential and the current was required, a 
small resistor (approximately 5 ©) was inserted between ground and the large electrode in the 
surrounding sea water; the /R drop across this resistor was taken as the measure of the membrane 
current. In such cases, a second Ag—Ag(l (agar) electrode was introduced into the surrounding 
sea water for differential recording of the membrane potential. 

Photographic records of the membrane current, the impedance and the potential were made 
with a DuMont dual-beam oscilloscope and a Grass camera at room temperature (21-—22° C). 

Observations on toad single node preparations. The experimental arrangement used for recording 
potential variations across the nodal membrane of a single node preparation of the toad myelinated 
nerve fibre was similar to that used in a previous experiment (Tasaki & Bak, 1958). The node to be 
studied, N, in Fig. 1 B, was immersed in a long narrow pool of Ringer’s solution which in most of 
the experiments was approximately 0-8 mm wide. One of the adjacent nodes, Ny, was in a large 


A 


B 
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Fig. 1. A. Arrangement used for impedance measurements on the squid giant axon treated with 
potassium-rich solutions. The drawings of the axon and of the internal electrodes are not to 
scale. The exposed surfaces of the internal electrodes are shown as thicker portions inside the 
axon. For further description see text. 

B. Arrangement used to record potential variations at node of Ranvier, N,, of a toad 
myelinated nerve fibre. The portions including N, or N, are in a dilute cocaine-Ringer solution. 
V indicates the output of a unity-gain cathode-follower. The potential level of the terminal 
labelled */R’ was taken as a measure of the current applied to the node N,. HZ, consists of a 
1-5 V battery and a Helipot potentiometer... Position (1) of switch S was used to apply 
rectangular current pulses to the node, and position (2) to record the variation of the resting 
potential of the node. 


Out 


pool filled with 0-2% cocaine-Ringer solution. Node N,, on the other side of N,, was in the small 
pool of Ringer’s solution (usually containing 0-05 % cocaine) at the tip of the grid electrode (which 
was made of glass tube of 3 mm inside diameter). The small middle pool was grounded with a 
large electrode at each end of the glass plate. The electrode in the large pool was normally con- 
nected to a source of square voltage pulses (Tektronix pulse generator). A ‘polarizing circuit’, 
£,, in the figure, was used to apply a constant current to the node under study. The length of the 
nerve fibre between N, and N, exposed to the air was approximately 0-2 mm and the portion in 
the air between N, and N, was about 0-5 mm. 

A unity-gain pre-amplifier (Bak, 1958), slightly modified for the present purposes, was used 
throughout. Switch S in the figure was used to connect the output of the unity-gain pre-amplifier 
to the electrode in the large pool. When the potential of the large pool follows that of the grid 
electrode, the flow of current between N, and N, caused by a change in e.m.f. at N, should be 
almost completely suppressed. Further details of this method of measuring the resting potential 
will be described under Results. 

Most of the experiments were carried out at room temperature (20-22° C). Since the time con- 
stant of the recording system was approximately 50 psec with a 50 MQ input resistance, the action 
potential of the node could be recorded without any appreciable loss. A Tektronix dual-beam 
oscilloscope (Type 551) and a Grass camera were used for recording. 
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The Ringer’s solution used in most experiments contained (mm): NaCl 110, KHCO, 2 and 
CaCl, 1:5; pH adjusted to approximately 7-4, usually by addition of NaH,PO,. Chloride-free 
Ringer’s solution was prepared by using sodium acetate or sodium glutamate instead of NaCl, 
and calcium acetate in place of CaCl, Tetraethyl nium (TEA) chloride solutions were 
prepared either from the commercial product ‘Etamon’ or by neutralizing a solution of TEA 
hydroxide (obtained from Eastman Organic Chemicals) with hydrochloric acid. 


RESULTS 
Part I. Observations on squid giant axons 


Demonstration of hyperpolarizing responses 
In most experiments in the present investigations, the amount of potassium 
ions in the medium was altered by mixing isomotic (550 mm) KCl solution with 
normal sea water in volume ratios of 1:6 to 6:1. Frequently axons were used 
into which a tetraethylammonium chloride (TEA) solution had been injected 
by the technique described previously (Tasaki & Hagiwara, 1957). On a few 


occasions, the axon was treated with a mixture of isotonic KCl solution and 


sodium-free sea water (in which sodium ions in artificial sea water had 
been replaced with choline). In these potassium-rich media ‘hyperpolarizing 
responses’ were observed whenever strong inward current pulses were applied 
through the axon membrane. There were, however, some quantitative dif- 
ferences between the responses observed under different conditions. 

An example of hyperpolarizing responses obtained with the arrangement of 
Fig. 1A is presented in Fig. 2. The axon was immersed in sea water, the 
potassium content of which was raised to 110 mm by adding isotonic KCl to 
normal sea water. The Wheatstone bridge was balanced for the impedance of 
this partially depolarized membrane. When pulses of outwardly directed 
current were applied to the axon membrane, the axon showed no sign of a 
physiological response. In other words, the axon was found to be ‘inexcitable’ 
in the ordinary sense of the word (top records in the figure). When pulses of 
inwardly directed current were applied to the membrane, however, potential 
variations were observed which resembled ordinary (depolarizing) responses in 
their configuration (lower records). 

The hyperpolarizing tesponse that was obtained in 110 mm-K sea water had 
a more or less sharp initial peak followed by a long plateau; in this respect it 
resembled the (depolarizing) response of a TEA-treated axon. In all cases the 
initial peak was preceded by a slow gradual potential change which resembled 
a ‘subthreshold response’. When the applied current was withdrawn, the 
membrane potential returned nearly to its initial level 4-8 msec after the end 
of the current pulse. This return of the membrane potential was preceded by 
a depolarizing potential variation which had all the properties (except for its 
smaller size) of a ‘break response’ in a normal axon. Some details of the 
potential changes at the end of the applied current pulse will be discussed in 


the following pages. 90-2 
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Simultaneous impedance measurements indicated, in agreement with Segal’s 
observation (1958), that there was a change in the membrane impedance 
associated with a hyperpolarizing response. The Wheatstone bridge, balanced 
for the membrane impedance at rest, went off balance when there was a sub- 
threshold or a full-sized hyperpolarizing response. The initial peak in the 
response was associated with a reduction in the width of the impedance trace, 
indicating that the membrane impedance tends to return towards its normal 
value at this moment. 


25 msec 


Fig. 2. Simultaneous recording of the change in the membrane impedance (trace Z) and the 
membrane potential (V) obtained from a squid giant axon immersed in a mixture of one 
part of isosmotic KCl solution and approximately 4 parts of normal sea water. The impedance 
bridge of Fig. 1 A was used. The bridge a.c. frequency was 6 kc/s, and the bridge was balanced 
for the impedance of the membrane at rest (C, = 2-6 uF, R, = 20, R, = 500 kQ and 
R, = 50 kQ). The intensities of the applied current pulses (in A) were: in record A +30 
(cathodal), in B -15 (anodal), in C +40, in D -35,in +50, and in F respectively. 


When the membrane potential returned to the original level after the end of 
the applied pulse, there was a marked bridge unbalance which lasted for 
1-3 min. It was easy to show that this marked bridge unbalance represented 
a decrease in the membrane impedance. During this prolonged period of 
decreased membrane impedance, the membrane was ‘relatively refractory ’ to 
a second pulse of inward current (Segal, 1958); in other words, no hyperpola- 
rizing response could be obtained unless much stronger pulses were used for 
stimulation. 


It was found, by means of trials repeated at intervals of 2-3 min, that the 


membrane impedance was increased during the hyperpolarizing response. 
Except at (or near) the peak of the hyperpolarizing response, the increase in 
the parallel resistance (namely, the value of Rp giving a perfect bridge balance) 
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was 1-2-3 times. (This impedance measurement was complicated by the 
finding that the parallel capacity, C> in the figure, increased slightly during the 
hyperpolarizing response; however, the increase in Rp was large enough to 
raise the total impedance above the resting level.) When a hyperpolarizing 
response was preceded by a long ‘subthreshold response’ (as in record D in 
Fig. 2), the peak of the response was smooth and the membrane impedance 
showed little (or sometimes no) tendency to return to the original value at this 
moment. 


Further analysis of the behaviour of TE A-treated axons 


The hyperpolarizing response described in the preceding section differs from 
the ordinary (depolarizing) response in the following respects. It not only has 
an opposite polarity, but also has the property that the response can be main- 
tained as long as the stimulating (anodal) current lasts. In a previous investi- 
gation (Tasaki & Hagiwara, 1957), it was recognized that the response of a 
TEA-treated axon could be maintained practically indefinitely by passing a 
weak outward current through the membrane. An example of this type of 
observation is reproduced in Fig. 3. 


Fig. 3. Simultaneous recording of the membrane potential (upper trace) and the membrane 
current (lower trace) in a squid giant axon treated with an intracellular injection of tetra- 
ethylammonium chloride (TEA). The axon was immersed in normal sea water. The internal 
current electrode was 17 mm long and the axon diameter was 550 y. 


In this experiment, approximately 3 mm? of isosmotic TEA chloride solution 
(stained with chlorphenol red) was injected into the entire length of a squid 
axon 35 mm long. This resulted in a prolongation of the response of the axon 
(evoked by a short cathodal pulse) to approximately 50 msec. (Note that the 
duration of the response of a normal squid axon, excluding the ‘undershoot’, 
is 0-6-0-7 msec at room temperature.) When a constant current of about 
10 A/cm? was sent outward through the membrane of such an axon, the 
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plateau of the response was prolonged further and in many cases the plateau 
level was maintained until the membrane current was turned off (see the lower 
row in Fig. 3). 

When the amount of TEA injected into the axon was insufficient, the pro- 
longation of the response was less marked than in that shown in Fig. 3, and a 
weak outward current could not maintain the plateau indefinitely. In such 
axons a stronger outward current evoked a train of responses of which the 
first member was much longer in duration than the rest. Obviously, the 
behaviour of such axons is intermediate between the normal and heavily-TEA- 
treated axons. 

In TEA-treated axons immersed in normal sea water, application of inward 
currents through the membrane did not bring about any discontinuous 
potential variations; the membrane potential changed continuously with 
increasing intensity of the applied current (Fig. 3, records C and #). When a 
hyperpolarizing current pulse was suddenly withdrawn, there was always a 
“break response’. 


50 mv 


Fig. 4. A. Change in the membrane impedance associated with a prolonged response in a squid 
giant axon treated with TEA (evoked by a short stimulating pulse). .B and C. The effect of 
a constant cathodal current pulse of 50 msec duration upon the axon; the current intensity 
used was approximately (in B) 18 and (in C) 75 »A/cm*. The bridge a.c. frequency was 5 kc/s 
and the balance was obtained with R, in Fig. 1 set at 22-5 2 and C, at 2-56 uF. 


With the arrangement of Fig. 1A, the impedance of the membrane of TEA- 
treated axons was measured under various experimental conditions. Figure 4 
shows the behaviour of the membrane impedance of an axon whose response 
was modified by a long outward membrane current. Record A shows that a 
response evoked by a short cathodal pulse is associated with a large impedance 
loss during the initial peak, followed by a rather small impedance loss during 
the plateau. (The large bridge unbalance during the initial peak cannot be 
seen in the figure because the excursion of the beam is too large.) When the 
potential level during the plateau was raised by an outward current of 25- 
100 »A/cm?, there was an increase in the bridge unbalance during the plateau, 
indicating that the impedance loss was augmented by the applied current. 

It is seen in record C of Fig. 4 that upon withdrawal of the applied current 
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(marked by the arrow) the membrane potential starts to fall immediately. 
Following this rapid fall, the membrane potential stays at about the level of 
the terminal portion of the plateau for a period of a few milliseconds before it 
falls another step to reach the level of the ‘undershoot’. It is obvious that the 
first step in the potential fall is due to the disappearance of the [R-drop on 
withdrawal of the applied current. In other words, the potential level which is 
attained after the first fall represents the ‘effective e.m.f.’ of the membrane 
which is still in the active state. 


The preferential use of the term ‘effective e.m.f.’ in place of the more commonly employed 
term ‘equilibrium potential’ is prompted by the reticence to consider the nerve as being in the 
state of thermodynamical (or rather thermostatic) equilibrium. The expression ‘effective e.m.f.’ 
when employed in the present treatment indicates the potential difference across the membrane 
less the 1R-drop; it may be regarded, in the case mentioned above, as corresponding approxi- 
mately to the weighted average of the sodium and potassium equilibrium potentials, 

in the sodium theory (Hodgkin & Huxley, 1952). 


It has been pointed out in previous papers (Tasaki & Hagiwara, 1957; 
Tasaki & Spyropoulos, 1958) that the phenomena of initiation and abolition 
of an action potential can be regarded as transitions between two stable states 
of the membrane. (A state is called ‘stable’ when the membrane returns 
directly to its original state, after a weak perturbing pulse causing a small 
passive change in the membrane is withdrawn.) When the stability of the 
membrane state was examined by passing current pulses of various intensities 
and polarities, it was found that there are in the membrane only two ‘stable 
states’. The effective e.m.f.’s and the conductances in these two states are 
labelled E,, g,, Ey, ge, respectively. Although these values characterizing the 
states of the membrane vary in general with time, a transition between the 
state indicated by (Z,, g,) and that represented by (Z,, g,) in every spot in the 
membrane is considered as a discontinuous phenomenon. 

With the terminology mentioned above, the results shown in Fig. 4 can be 
restated in the following manner. At the end of the plateau in record C, the 
membrane potential is given by the sum of E, and ¢/g,, where ¢ is the current 
sent through the membrane. When the current is turned off, the membrane 
potential approaches the value EZ, with the time constant of the membrane. 
Later, there is a transition from potential Z, to Z,. The gradual change in the 
membrane potential in this transition is interpreted as due to the presence of 
mixed states, in which some part of the membrane is in one state and the 
remaining part in the other state. 

Similarly, the break excitation shown in records C and £ in Fig. 3 can be 
expressed in the following manner. During the period of inward current flow, 
the axon membrane is still in the lower stable state characterized by £,, 9, 
As is shown by the records of Fig. 5, the membrane impedance does not show 
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any large change on sudden withdrawal of the inward current, indicating that 
the potential variation at this moment is due to a rapid loss of JR-drop. 
A transition from the lower to the upper state takes place when the membrane 
potential starts to rise rapidly again; there is a large change in the membrane 
e.m.f. and in the conductance at this moment. The formation of a peak and 
the subsequent potential variation are regarded as transient (i.e. non- 
stationary) phenomena. This is discussed below. 


—50 mV 


5 msec 


Fig. 5. Break responses at the end of anodal current pulses of 40 msec duration. The bridge 
frequency was 6 ke/s, and the balance of the membrane at rest was obtained with C, of 
2-5 uF and R, of 22-5 Q. The end of the anodal pulse is marked with arrows. The axon was 
treated with TEA (intracellular injection) and was kept in normal sea water. 


25 mv 


— | 


10 msec 


Fig. 6. Demonstration of the two steps in the membrane potential (V) and the change in the 
membrane impedance (Z) following withdrawal of an anodal current pulse which evoked 4 
hyperpolarizing response. The record on the right is an enlarged photograph taken from the 
same axon but at a different time. The horizontal line marked ‘1’ represents the asymptote 
of the first step in the potential variation. The line marked ‘2’ shows the initial level of the 
membrane potential. The axon was in sea water containing 110 mm-KCl with no previous 
treatment with TEA. The bridge a.c. frequency was 4 ke/s. 
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Comparison of hyperpolarizing responses with responses of TE A-treated axons 

It has been pointed out in the description of the experiment of Fig. 2 that 
the rise in the membrane potential following withdrawal of the anodal current 
is not immediate nor simple. Figure 6 shows two examples, recorded at high 
speed, of the membrane potential and impedance near the end of the applied 
anodal current. These records were taken from an axon in a potassium-rich 
medium. The axon was not treated with TEA; however, the records taken from 
TEA-treated axons in potassium-rich media were very similar to those in 
Fig. 6. It is seen in the figure that, at the moment of withdrawal of the cur- 
rent, there was no discontinuous change in the membrane impedance. At the 
moment when the ‘break response’ was produced, there was a sudden decrease 
in the membrane impedance which slowly returned to the original level within 
approximately 3 min. The break responses were found to be far smaller in 
axons immersed in potassium-rich solutions than in axons in normal sea water 
(Figs. 2, 3, 5 and 6). 

In axons immersed in a mixture of isosmotic KCl solution and sodium-free 
sea water, hyperpolarizing responses similar to those shown in Fig. 2 were 
observed. In other words, sodium ions are not required in the medium for 
production of hyperpolarizing responses. On withdrawal of the applied current 
after production of a hyperpolarizing response, the membrane potential again 
rose in two steps. However, the break response or the ‘overshoot’ (which 
raised the membrane potential above the initial stationary level) was com- 
pletely suppressed by the absence of sodium ions in the medium. The effect of 
sodium was therefore to give rise to a transient potential elevation when the 
membrane had reached the initial state after the end of the hyperpolarizing 
pulse. 

It is interesting to compare the time course of the membrane impedance 
shown in Fig. 6 with that in Fig. 5. In both cases the membrane impedance is 
seen to fall suddenly at the moment when the break response started. It is 
also clear that the configuration of the potential trace is very similar in the 
two figures. At the moment of withdrawal of the applied anodal current, the 
membrane potential rises rapidly. Obviously this is due to the disappearance 
of the JR-drop in the membrane. Following this, the membrane potential 
approaches an intermediate level between the initial and the final levels. Then 
the rate of potential rise increases again, and a break response is produced. 
As has been mentioned above, the amplitude of the break response is far 
smaller in potassium-rich media than in the normal sea water. Other differences 
in the time course of the break response in these two cases are due partly to 


the effect of TEA injected into the axon in the experiment of Fig. 5. 


Based on the similarity mentioned above, the experimental results shown 
in Fig. 6 can be described in the following manner: As in the experiment of 


at 
16 
d 
- 
ge 
of 
as 
he 
a 
he 
te 
he 
us 


316 I. TASAKI 


Fig. 5, the potential level before the withdrawal of the applied anodal current 
is determined by the membrane e.m.f. in the lower stable state and the /R- 
drop across the series resistance in the membrane. When the applied current is 
withdrawn, the membrane potential approached the e.m.f., Z,, of the lower 
stable state. Following this a rapid transition from the lower stable state to 
the upper takes place, resulting in a rapid rise in the membrane potential. The 
membrane conductance is higher in the upper stable state than in the lower. 

From this statement it follows immediately that the production of a hyper- 
polarizing response can be regarded as a transition of the membrane from the 
upper state to the lower. It should be stressed in this connexion that, unless 
there was a hyperpolarizing response during the period of current flow, a two- 
step potential change could not be demonstrated on withdrawal of the anodal 
current pulse. This fact supports the view that the axon immersed in a potas- 
sium-rich medium is in the upper stable state ang that a strong anodal current 
pulse causes a transition to the other state. 

In Figs. 5 and 6 the faint horizontal lines represent the level of the membrane 
potential in the initial stationary state. In Fig. 5 this level is close to the 
terminal portion of the first step of the two-step potential variation; this level 
corresponds (by definition) to the e.m.f. of the lower stable state. In Fig. 6 the 
potential level in the initial state (marked ‘2’ in the figure) is higher than the 
terminal portion of the first step (marked ‘1’). The difference between the two 
levels, 1 and 2, is 20-25 mV in this figure; there is some ambiguity in deter- 
mination of this potential difference. 

The measurement of the membrane impedance associated with a hyperpola- 
rizing response (Fig. 2) indicates that the membrane impedance is lower at the 
initial peak than on the plateau of the response. The /R-drop across the 
resistance of the membrane should therefore be smaller at the peak of the 
response than at the end. It follows from this that the potential variation 
between the peak and the plateau is due to a change in the membrane e.m.f. 
rather than that in the membrane resistance. 

In conclusion, the interpretation of the hyperpolarizing response suggested 
by the experiments described above is: (1) that the membrane of the axon 
immersed in a potassium-rich medium is in the upper of the two stable potential 
states of the membrane, (2) that an anodal current causes a transition from 
this state to the lower one, and (3) that the membrane which has been brought 
to the lower stable state undergoes a transition to the upper stable state on 
withdrawal of the applied current. The implication of this interpretation is that 
it is the e.m.f. in the upper stable state that is affected by potassium and 
sodium ions in these experiments (see Discussion). 
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Part II. Observation on toad single node preparations 

Properties of the hyperpolarizing response in the nodal membrane 
In the following experiments, the arrangement illustrated in Fig. 1B was used. 
When the potassium concentration of the surrounding medium was raised 
above about 30 m-equiv/l., the node under study (N,) showed, as a rule, no 
sign of an electric response to outward-directed (cathodal) currents. In 
response to stimulating currents of the reversed polarity, however, the 
membrane potential exhibits a kind of discontinuous variation at a certain 


current intensity. In this respect, the sake observation is in agreement 
with that of Stampfli (1958). 


Fig. 7. Variations in the membrane potential of a single node preparation in a potassium-rich 
medium caused by long rectangular current pulses. The arrangement of Fig. 1B was used. 
The medium contained (mm) KCl 75, NaCl 35, CaCl, 1-5 and NaHCO,2. Note large potential 
variations in response to anodal current pulses (lower records). The calibrating bar for the 
potential trace (V) indicates 50 mV and that of the current trace (/R) represents 100 mV 
divided by the resistance (R) of the fibre. 


An example of the records obtained with a solution containing (mm) KCl 75, 
NaCl 35 and CaCl, 1-5 (pH adjusted with bicarbonate) is given in Fig. 7. The 
lower oscillograph trace (IR) indicates the time courses of the stimulating 
voltage pulses applied between the node under study (N,) and the adjacent 
one (N,); the size of the upward deflexion of this trace represents the intensity 
of the outward current through the node multiplied by the resistance between 
the two nodes. The upper trace indicates the variation of the potential of the 
nodal axoplasm (at N,) referred to the grounded fluid medium. The appearance 
of disproportionately large potential variations in response to applied inward 
(anodal) current pulses (see the lower row in the figure) is obvious. 

It should be noted that in this figure, when the applied anodal current was 
withdrawn following production of a ‘hyperpolarizing response ’, the membrane 
potential did not return to its original level immediately, but it rose in two 
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steps. This was a constant finding in all the observations on the node. It is a 
strange fact that this has never attracted our attention previously. 

As in the corresponding observation on the squid axon membrane (Fig. 6), 
the first step of the potential rise following withdrawal of the anodal current 
pulse (Fig. 7, bottom) is evidently caused by the disappearance of the 7R-drop 
across the nodal membrane. The potential level reached after the first step 
(Z, in the present terminology) was found to last much longer in single node 
preparations than in the case of squid giant axons. The interval between the 


A B Cc 
IR 
K*: 25 Na*: 85 K*: 25 Na*: 85 h 


K*- 35 


K*:35 Cocaine K*:25 Choline: 85 


Fig. 8. Records showing the effects of narcosis (A), of sodium deprivation (B) and of a change in 
the potassium concentration (C) upon the time course of the potential variation following 
withdrawal of an anodal current pulse. In A, top, the concentration of KCl in the medium 
was 35 mM and that of NaCl 85 mm; in A, bottom, cocaine HC] 0-1% was added to the 
medium. In B, top, the concentration of KCl was 25 mm and that of NaCl 85 mm; in B, 
bottom, NaCl was replaced with choline chloride. In C the ratio of the concentration of KC 
to the voncentration of NaCl in the medium was altered from 25:85 to 50: 60. The calibrating 
bar for V is 50 mV and that for JR 100 mV. 


end of the applied anodal pulse and the end of level E, was in some cases 
50 msec or more. In other cases, the interval was much shorter (a few milli- 
seconds) or the end of level Z, was not clear because of a gradual transition 
from E, to the initial level. The difference between the quasi-stationary level 
E, and the initial level was between 20 and 30 mV. 

When the node under investigation was immersed in a potassium-rich 
medium with nearly normal sodium content, the transition from the level of 
E, to the final stationary level was preceded by a transient potential variation 
which had the properties of a ‘break response’. These transients are seen as 
vertical straight lines in Fig. 8 rising above the initial potential level. The 
duration of the transient was of the order of 1 msec at room temperature, and 
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its amplitude varied from preparation to preparation. Unlike the corre- 
sponding observations on the squid giant axon, observations of this type could 
be repeated at a frequency of one or two per second. 

The possibility was mentioned that the behaviour of the nodal membrane 
described above might be due to a transition from the thermodynamic 
‘equilibrium potential’ determined by potassium ions to that determined by 
chloride ions (Staémpfli, 1958). If this were the case, the phenomenon under 
study should be strongly modified by changes in the concentration of the 
chloride ion in the fluid medium. When a test was carried out, however, by 
replacing the chloride in the medium either with glutamate or with a mixture 
of glutamate and acetate, it was found that the phenomenon under investiga- 
tion was not at all affected by changes in the chloride in the medium (see also 
the next section). 

In Fig. 8 are shown the effects of several agents which were found to affect 
the process of transition from the level of E, to the final stationary level. When 
& narcotic in sufficient concentration to suppress the ordinary response of the 
node (e.g. 0-1% cocaine) was added to the medium, the transient ‘overshoot’ 
above the initial level was completely and reversibly eliminated (Fig. 8A). 
The effect of replacing the sodium ions in the medium with choline was similar 
to that of cocaine; the hyperpolarizing response to an anodal current pulse 
remained essentially unaltered, while the transient ‘overshoot’ was reversibly 
suppressed by sodium deprivation. The similarity between the effect of nar- 
cosis and that of sodium deficiency has been pointed out previously by Tasaki 
& Bak (1958). 

Column C in Fig. 8 shows an example of the effect of variation in the 
potassium concentration upon the duration of the level Z,. It has been pointed 
out above that this duration varies enormously from preparation to prepara- 
tion. For a given preparation, however, the duration was found to decrease 
with increasing potassium concentration. This observation on the potassium 
effect was carried out both with and without compensation of the d.c. level 
with the polarizing circuit (Hp in Fig. 1 B). 

The effect of increased potassium just mentioned is easy to understand if it is recalled that the 
node in normal Ringer’s solution is in the lower stable state (with an e.m.f. of #,) and that the 
increase in the potassium content in the medium brings the membrane to the upper stable state 


{E,). The fact mentioned above simply indicates that the transition from EZ, to Z, is accelerated 
by increasing the concentration of potassium in the medium. 


When the potassium concentration of the medium was between 15 and 
25 m-equiv/l., it was frequently found that a weak cathodal current pulse 
gave rise to a small ‘depolarizing response’. In such cases, an anodal pulse 
evoked a somewhat dubious ‘ hyperpolarizing response’ leaving a clear negative 
shift of the base line on withdrawal of the current. An example of such be- 
haviour is furnished in Fig. 9. 


a 

nt 

1é 

1e 

n 

1g 

n 

1é 

3, 
ig 

n 
h 
yf 


320 1. TASAKI 


The behaviour of the membrane just mentioned is interpreted as the result 
of its being in a mixed state. The portion of the membrane in the lower stable 
state can respond to a cathodal current pulse while the portion in the upper 
state can give rise to a hyperpolarizing response. 


msec 


' Fig. 9. Similar to the records in Fig. 7, but taken at a lower concentration of KCl. The medium 
contained (mm) KCl 25, NaCl 85, NaHCO, 2 and CaCl, 1-5. Note the initial peak in the 
potential (upper) trace at the onset of cathodal current pulses and also the lowered potential 
level after the end of anodal current pulses. The vertical bar subtending 50 mV applies to 
both traces. 


Effect of maintained polarization 

The effect of maintained polarization upon the physiological properties of 
the node in potassium-rich media has been reported recently by Mueller 
(19584) and by Staémpfli (1958). They observed discontinuous variations in the 
membrane potential when the strength of the anodal polarizing current 
through the node was gradually increased. In the present investigation the 
effect of polarization was examined under various environmental conditions. 

When a node immersed in a medium containing 25-30 m-equiv/l. of potas- 
sium was slowly hyperpolarized by gradually increasing the external voltage 
source (£» in Fig. 1 B), an abrupt fall was encountered in the observed mem- 
brane potential as the applied voltage reached a value between 40 and 65 mV. 
When the strength of the voltage source was slowly and smoothly decreased, 
there was a sudden rise in the observed membrane potential as Ep reached a 
level between 20 and 30 mV. The extent of the discontinuous change in the 
membrane potential was 30-40 mV. These observations on the discontinuity 
and the hysteresis are in good agreement with those of Stampfli. 

When the applied voltage was maintained at the level just below the 
critical value for a discontinuous (upward or downward) change, the membrane 
potential was found to show irregular variations. Occasionally a sudden jump 
in the membrane potential took place from one of the peaks of the irregular 
potential variations. An abrupt upward potential variation was associated. 
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when there were enough sodium ions in the medium, with a transient ‘over- 
shoot’ of the membrane potential above the final stationary level. 

Records A and C in Fig. 10 show examples of spontaneous transitions ob- 
served at the critical level of hyperpolarization. Record B shows that such 
transitions could be induced by weak current pulses superposed upon the 
constant hyperpolarizing current. It was clear that when the membrane was 
in the lower stable state only a cathodal (depolarizing) pulse could induce an 
abrupt potential variation, and the variation induced was always upward 


K*: 25 8s Kt:30 Nr*:80 K*:30 


10" ci-: 0 Ci: 110 
Fig. 10. Discontinuous changes in the membrane potential of nodes immersed in potassium-rich 


media. The nodes were hyperpolarized by an external source of current at the critical 
intensity. The concentrations of sodium, potassium and chloride ions in the medium are given 
in m-equiv/l. In the top record of A, the polarizing voltage (Z, in Fig. 1 B) was approximately 
24 mV, in bottom of A about 40 mV, in top of B about 40 mV, in bottom of B about 60 mV, 
in top of C about 25 mV and in bottom of C about 38 mV. The calibrating bar applies to both 
channels. 


Na*: 0 


(depolarizing). When the membrane was in the upper stable state as the con- 
sequence of such an upward transition, the only possible discontinuous varia- 
tion in the membrane potential was an abrupt fall. In this sense the existence 
of two stable states in the membrane was obvious. On a few occasions, repe- 
titive spontaneous transitions between the two stable states were observed at 
a constant level of hyperpolarization. 

As in the observations described in the preceding section, a variation in the 
chloride concentration of the medium brought about, essentially, no effect 
upon the phenomenon observed (see an example in Fig. 10B). Replacement 
of the sodium ions in the medium with choline resulted in a loss of the transient 
‘overshoot’ of the membrane potential associated with a transition from the 
lower state to the upper (Fig. 10C). Except for this short transitional period, 
the discontinuous phenomena at the node remained unaffected by sodium 
deprivation. 
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By means of subthreshold current pulses 100 msec in duration repeated at 
1 sec intervals, the difference in the membrane resistance in the two different 
states was determined. The potential variations caused by such pulses were 
found to be reduced by a factor of 2-3 when the membrane in the lower stable 
state underwent an upward transition. Similar results were obtained pre- 
viously by Mueller (1958 a). 

It should be noted that, because of the difference in the membrane resistance 
in the two states, the observed jumps in the membrane potential do not 
represent the difference in the e.m.f. of the membrane in the two states. There 
is a continuous current through the nodal membrane under these experimental 
conditions. The observed jump in the membrane potential consists of a change 
in the JR-drop superposed on the difference in the e.m.f. in the two states. 


Factors affecting the resting potential in the nodal membrane 


When the node of Ranvier under study (N, in Fig. 1B) is depolarized by 
application of a potassium-rich saline solution, a continuous inward current 
begins to flow through the node as a consequence of the potential difference 
between the adjacent narcotized node (Np) and the region treated with potas- 
sium. The JR-drop caused by this inward current through the node tends to 
reduce the observed amount of depolarization by potassium. The current can, 
however, be eliminated by adjusting the polarizing voltage (Zp in Fig. 1 B) so 
that the voltage becomes equal (and opposite in sign) to the potential dif- 
ference caused by potassium. This procedure of d.c. compensation was fre- 
quently used in the experiments of Figs. 7, 8 and 9 described above. 

In the following series of experiments, this procedure of d.c. compensation 
was done automatically by taking advantage of the unity-gain high input 
impedance pre-amplifier employed in the present investigation. While the node 
under study (N,) was still in normal Ringer’s solution (with the neighbouring 
nodes N, and N, immersed in cocaine-Ringer solution), the output d.c. level 
of the unity-gain pre-amplifier was adjusted to zero (ground); then, using the 
switch S (Fig. 1) the output of the pre-amplifier was connected to the electrode 
in the large pool which had hitherto been effectively grounded. Under these 
circumstances, changes in the e.m.f. of the membrane could be recorded 
faithfully by the pre-amplifier because there should be no current through the 
node under investigation. 

With this new method of measuring the resting potential of a single node 
preparation, attempts were made to examine the effects of various chemical 
agents upon the node in potassium-rich media. The chemicals which were 
found in the present series of investigations to be capable of modifying the 
resting potential are monovalent TEA ions and divalent nickel ions (also 
cobalt and beryllium). 


The remarkable effect of nickel ions upon the action potential of the myeli- 
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nated nerve fibre was discovered by Spyropoulos & Brady (Brady, Spyro- 
poulos & Tasaki, 1958) and is illustrated in the upper part of Fig. 11. The main 
features of the alteration of the action potential by nickel ions are (a) enormous 
prolongation of the action potential forming a ‘plateau’, and (b) formation of 
a pronounced ‘shoulder’ from which the membrane potential falls rapidly 
toward the resting level. At low temperatures the spike duration of a nickel- 
treated node can frequently reach 1 sec or more. External application of TEA 
to the node does prolong the action potential but only slightly (cf. Lorente de 
Né, 1949). Its main effect is to reduce or eliminate the ‘shoulder’ which exists 
in the normal action potential of the node: that is to say, under TEA, the 
membrane potential falls more smoothly from its peak to the base line. 


Fig. 11. Prolongation of the action potential of a single node by application of 0-4 mm-NiCl, (top) 
and the effect of a gradual increase in the potassium concentration in the medium upon the 
resting potential of the node treated with nickel (bottom). Application of NiCl, was started 
in the upper record when the time marks (1 sec apart) were turned on; the stimulus strength 
had to be increased because of a rise in threshold. The spike duration changed from approxi- 
mately 1 to 10 msec. In the lower record the concentration of KCl in the medium was 
increased from 15 to 30 mm at the rise of the lower signal. Calibration applies to all the 
traces. 


The node whose action potential had been prolonged by application of a 
dilute (approximately 0-4 mm) NiCl,-Ringer solution was found to be highly 
resistant to potassium depolarization. When the prolongation was greater than 
about twentyfold, the change in the resting potential caused by application 
of a 40 mm-KCl solution (containing also (mm) NaCl 70, CaCl, 1-5 and NiCl, 
0:3) was generally between 5 and 10 mV. Even an isotonic KCI solution (con- 
taining 0-4 mm-NiCl,) was occasionally found to depolarize the node by only 
15 mV or less. The extent of prolongation of the action potential, as well as the 
resistance to potassium depolarization, varied enormously from preparation 
to preparation. In some preparations, a gradual increase in the potassium 
concentration brought about an abrupt depolarization accompanied by a 
transient ‘overshoot’ above the final stationary level of the membrane 
potential, 
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The lower record in Fig. 11 shows an example of abrupt depolarization of 
the nodal membrane in a medium containing high potassium and a small 
amount of NiCl,. It is evident that the sudden rise in the membrane potential 
in the figure cannot be explained in terms of a rapid increase in the potassium 
concentration in the medium. In this case the replacement of the external 
fluid (removal of 15 mm-KCl and application of 30 mm-KCl) was completed 
approximately 17 sec before the observed jump in the membrane potential. 
The presence of the transient ‘overshoot’ above the final stationary level sug- 
gests that this jump is due to a transition of the membrane from the lower 
stable state to the upper. 


Ringer K*-40,CI- 10 K*t-40,0- 10 K* 40,Ci~- 10 
TEA: 10 


Cl’ -free 

Ringer 

Fig. 12. Restoration of the resting potential of single nodes in potassium-rich media by tetra- 
ethylammonium (TEA). The arrangement of Fig. 1 B was used, with switch S in position 2. 
The concentrations (m-equiv/1.) of potassium and TEA are indicated. In the bottom record 
the effect of TEA was demonstrated in a medium which contained 100 mm-glutamate and 
10 ma-chloride. These records were taken from three different preparations. The nodes were 
kept in each test solution for a period of approximately 2 min. 


In contrast to the effect of nickel, the effect of TEA upon the node de- 
polarized by potassium was highly reproducible. In all the single node 
preparations employed (approximately 20), the effect could be demonstrated 
without any exceptions. Addition of a small amount of TEA in the medium 
containing 30-60 mm-KCl was found to restore the resting potential of the 
node reversibly. The extent of restoration increased as the TEA concentration 
in the medium was increased. The observation could be repeated as many 
times as was desired on each preparation. 

In Fig. 12 are furnished three examples of the records showing the effect of 
TEA upon the nodes in potassium-rich media. As can be seen in the figure, a 
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variation in the concentration of chloride in the medium had essentially no 
effect upon the process of restoration of the resting potential by TEA. (There 
was a fall of a few millivolts in the membrane potential when the major 
portion of the chloride ions in the medium was replaced with glutamate ions.) 
Replacement of sodium ions with choline had no effect on this property of 
the node either. 

Tetramethylammonium and tetrabutylammonium ions were tested in a 
similar manner. No clear repolarization of the potassium-treated nodal 
membrane was observed with these quaternary ammonium ions. 


DISCUSSION 
It is obvious that there is a great degree of similarity in the biophysical pro- 
perties between the two different nerve fibres examined in the present investi- 
gation. However, it should be stressed that the chemical properties of the two 
systems show marked differences. For example, in the squid axon membrane, 
it was not possible to demonstrate any clear change in the action potential by 


application (either intra- or extracellular) of nickel, whereas in the nodal 


membrane application of nickel ions is the most powerful means of prolonging 
the action potential (Fig. 11). External application of TEA did not bring 
about any clear effect in the squid axon, but in the nodal membrane there is 
a definite prolongation. 

The time course of the response of a TEA-treated squid axon (Figs. 3A and 
4A) resembles that of the nickel-treated node (Fig. 11); but the membrane 
conductance of a TEA-treated squid axon is nearly normal except during the 
initial peak, whereas in a nickel-treated node it gradually returns to normal. 
The squid axon whose response has been prolonged by intracellular injection 
of TEA shows no clear resistance to potassium depolarization, but a nickel- 
treated node is highly resistant to potassium. 

At present it does not seem possible to analyse how these differences in 
chemical properties arise. In the following discussion we limit ourselves to the 
formal, biophysical aspects of the problem that are more or less common to 
both the squid giant axon and the toad myelinated nerve fibre. 

The effect of potassium upon the resting potential has been thoroughly 
investigated by direct methods (see Hodgkin, 1951). The relationship between 
the logarithm of the external potassium concentration and the resting poten- 
tial is shown diagrammatically by the continuous line in Fig. 13. When the 
nerve fibre is immersed in a normal medium (either normal Ringer’s solution 
or normal sea water), the resting potential is about — 60 mV or slightly more; 
under these conditions, the membrane is considered to be in the lower stable 
state labelled (1) in the figure. When the potassium concentration in the 


medium is raised well above the normal level, the resting potential changes 
21-2 
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linearly with the logarithm of the potassium concentration. According to the 
analysis stated under Results, the membrane is in the upper stable state (2) in 
this range of potassium concentration. 

By recording the quasi-stationary potential levels observed after withdrawal 
of anodal current pulses, it has been shown that the lower stable state of the 
membrane in potassium-rich media is approximately 25 mV below the level 
of the resting potential; the difference between the two levels is almost inde- 
pendent of the potassium concentration used. The level of the lower stable 
state revealed by this method is shown by the portion labelled ‘a’ in the 
figure. 

Log [K], 


Normal Medium 


Stationary membrane potential (mV) 
T 


Fig. 13. Schematic diagram showing the relationship between the logarithm of the external 
pottasium concentration and the stationary or quasi-stationary potential levels across the 
nerve membrane. The continuous line represents the ‘resting potential’. The broken lines 
indicate the quasi-stationary potential levels, portion ‘a’ being determined by sudden with- 
drawal of anodal current pulses and portion ‘c’ determined from the level of the ‘shoulder’ 
of a prolonged response. The thick line labelled (1) represents the potential level in the upper 
stable state and (2) that in the lower stable state. Portion ‘b’ represents the mixed state. 


The ‘plateau’ of a prolonged response of the nerve fibre in the normal 
medium can be regarded as the quasi-stationary potential level of the 
membrane in the upper stable state. The level of the ‘shoulder’ of a prolonged 
response is 20-30 mV above the level of the resting potential; this level is 
shown by the portion labelled ‘c’ in the figure. 

The portion labelled ‘b’ indicates that the nerve membrane is in the mixed 
state. The amount of displacement of the base line caused by anodal current 
pulses (Fig. 9) can be taken as a measure of the fraction of the membrane in 
the upper stable state. In this range this displacement increases with increasing 
potassium concentration. This portion may therefore be regarded as bridging 
the two thick lines representing the pure states (1) and (2). 

It should be noted that the curves in Fig. 13 are by no means hypothetical 
ones; they are merely a composite graphical presentation of the stationary 
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and quasi-stationary potential levels directly observed in the absence of a 
membrane current. These stationary and quasi-stationary potential levels of 
the membrane are not affected by the concentration of sodium outside the 
membrane. Sodium deprivation, as well as narcosis, affects the transient 
potential variation associated with a transition from the lower stable state (1) 
to the upper (2). An action potential observed in a normal medium consists of 
this transient potential variation followed by a downward transition from 
(2) to (1). In potassium-rich media the upward transition from (1) to (2) after 
withdrawal of an anodal current pulse is accompanied by a transient potential 
variation but is not followed by a downward transition. 

The records furnished in Fig. 2 show that in the squid axon a downward 
transition is accompanied by a large transient potential variation which con- 
stitutes the peak of the hyperpolarizing response. Similarly, a downward 
transition at the end of a response of a squid axon in normal sea water is 
associated with a transient potential variation which forms the ‘undershoot’ 
of the action potential. In the nodal membrane a downward transition is not 
accompanied by a conspicuous transient; there is no peak in the hyperpola- 
rizing response and no ‘undershoot’ at the end of a spike potential. 

When there is a strong electric current through the membrane, the stable 
potential levels are displaced by the JR drop across the membrane. It has 
been shown that the major portion of the potential variation associated with 
a hyperp»larizing response is nothing more than a change in the JR drop. 

When an upward transition is caused by a strong cathodal current pulse 
applied to the membrane in a normal medium (in the current or voltage clamp 
situation), the membrane is expected to stay in the upper stable state as long 
as the depolarizing pulse is maintained. This should then result in a maintained 
high membrane conductance. The fact that a maintained depolarization 
increases the membrane conductance was shown first by Cole & Curtis (1941). 

Finally, the effect of nickel and TEA ions upon the nodal membrane will be 
briefly discussed. The main feature of the action of nickel ions upon the node 
is formation of a long ‘plateau’ and a prominent ‘shoulder’ in the action 
potential (Fig. 11). Under the influence of nickel a gradual increase in the 
potassium concentration in the medium caused either no distinct depolariza- 
tion or an abrupt depolarization. These effects of nickel ions can be stated as 
the result of an action tending to shorten the time spent by the system in the 
mixed state. When the effect of nickel is very pronounced, the membrane 
appears to stay in the lower state (with reduced potassium dependence) even 
in a medium containing a high concentration of potassium. 

The effect of TEA on the node can be regarded as the result of an action 
tending to favour the existence of a mixed state of the membrane. Depending 
on the amount of TEA added to the medium, the system can take any 
stationary level between portion (a) of line (1) in Fig. 13 and the portion of (2) 
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above (a). In metal-oxide models of the nerve membrane the conditions 
tending to favour the appearance of a mixed state can also be demonstrated 
(Franck, 1956; Tasaki & Bak, 1959). 

At present nothing is known as to the physico-chemical nature of the two 
stable states of the membrane. In no way does ignorance of its nature affect 
the interpretation of the experimental results presented in this paper. The 
transition from one state to the other may be caused by chemical dissociation 
of a radical on the inner surface of the membrane: this situation is analogous 
to the process taking place in the cobalt and iron models of the nerve mem- 
brane. Alternatively, the two stable states may simply represent two stable 
configurations of the lipo-protein layer in the membrane. Professor T. Teorell 
(personal communication) claims that two stable states can be demonstrated 
in his physical model of the excitable membrane. It is interesting to note 
that in both states the stationary and quasi-stationary potential levels are 
affected primarily by the potassium ions in the medium. Direct physico- 
chemical studies of the two states of the membrane are highly desirable. 


SUMMARY 


1. Both in the squid giant axon and in the single node preparation of the 
toad, the nerve membrane immersed in potassium-rich media is capable of 
developing ‘hyperpolarizing responses’ to anodal current pulses. 

2. The major portion of the potential variation associated with a ‘hyper- 
polarizing response’ is a change in the JR drop in the membrane; the change in 
the membrane e.m.f. is 20-30 mV and is approximately independent of the 
concentration of potassium in the medium. 

3. Analyses of the stability of the system indicate that the nerve membrane 
immersed in potassium-rich media is in the ‘upper stable state’ and that a 
‘hyperpolarizing response’ represents a transition to the ‘lower stable state’. 

4. In the toad single node preparation immersed in potassium-rich media, 
it was shown that the resting potential can be reversibly altered by addition 
of tetraethylammonium (TEA) ions to the medium. This effect was interpreted 
as the result of bringing the system into a mixed state. 

5. The nodal membrane whose action potential has been prolonged by 
nickel ions is insensitive to potassium depolarization ; sometimes the membrane 
responds to a gradual increase in the potassium concentration with a sudden 
depolarization. 

6. Chloride ions in the medium have little effect upon the potential levels 
in the two states. Changes in the sodium concentration in the medium, as well 
as narcosis, alter the transient potential variation associated with a transition 
from the lower stable state to the upper. 
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APPENDIX 

- Demonstration of hyperpolarizing responses in the iron-electrode system 
In the well known electrochemical model of the nerve membrane formed at the 
interphase between iron and strong nitric acid, a normal ‘action potential’ 
represents a transient rise of the potential of the nitric acid relative to that of 
the iron (see Franck, 1956). In this model the phase of nitric acid is com- 
parable to the axoplasm of a living nerve fibre and the substance of iron to the 
surrounding fluid medium. The state in which the surface of the iron is covered 
with an oxide layer corresponds to the lower state and the state in which the 
oxide layer is removed corresponds to the upper state. 

When the nitric acid is diluted to the extent that the oxide layer can no 
longer stay on the surface of iron, a current flowing ‘inward’ (from metal to 
acid) across the iron surface is expected to oxidize the surface, causing a tran- 
sition from the upper stable state to the lower. Since the oxide layer shows a 
high electric resistance to penetrating currents and since there is a difference 
in the effective e.m.f. in the two states, this transition is expected to give rise 
to potential variations similar to the hyperpolarizing response observed in the 
nerve membrane. 

The diagram in Fig. 14, left, illustrates the experimental arrangement used 
for demonstrating ‘hyperpolarizing responses’ in the iron-wire model of the 
nerve membrane. A wire of soft iron approximately 1 mm in diameter (kindly 
supplied by Professor U. F. Franck) was enclosed in a glass tube and the space 
between the glass tube and the wire was filled with melted paraffin. The com- 
mercially available nitric acid was diluted to obtain a solution of the specific 
gravity of approximately 1-335. Two large platinum wire electrodes were 
immersed in the nitric acid. One of the platinum electrodes was used to pass 
a known amount of current through the surface of the iron in nitric acid and 
the other for recording the potential difference between the fluid in the beaker 
and the iron wire. 

First, by passing a short pulse of ‘outward’ current (flowing from acid to 
iron), normal ‘action potentials’, which looked similar to those of a TEA- 
treated axon, were observed. Next, the nitric acid in the beaker was diluted 
ten times with distilled water. In this dilute nitric acid it was no longer 
possible to elicit an ‘action potential’ from the model by application of ‘out- 
ward’ current pulses. When a long pulse of ‘inward’ current was applied to the 
system, a large fall in the potential of the acid was observed when the pulses 
were stronger than a certain ‘threshold intensity’. The potential variation 
observed under these experimental conditions resembled those in Figs. 2 or 7 
except in its time course after the break of the applied current. Apparently this 
difference derived from the situation that the oxide layer formed by the 
passage of current did not disappear soon after the end of the applied pulse; 


we 
8 | 
0 
t 
1e 
n | 
8 
e | 
ll 
d 
4 
D- 
AB 
4 
T- + 
in 
1e 
1e 
a 
a, 
yn 
d 
Vv 4 
ne 
n 
ell 1 
n 


330 I. TASAKI 
the system stayed in the lower state much longer than in the corresponding 


observation on the nerve membrane. 

The transition from the lower stable state to the original upper state was 
found to take place much sooner when sulphuric acid was employed instead of 
nitric acid. The behaviour of the iron immersed in sulphuric acid has been 
worked out by Franck (1956). When the concentration of the sulphuric acid 
was about 0-5. or slightly less, records which look very similar to those 


]2mA 


Fig. 14. Demonstration of ‘hyperpolarizing responses’ in the iron electrode immersed in 0-5 N 
sulphuric acid. In the records an upward deflexion of the potential trace (V) represents a 
rise in the potential of the platinum electrode in the acid relative to that of the grounded 
iron wire. An upward deflexion of the current trace (J) represents a flow of current from acid 
to iron. Note the appearance of the intermediate potential level, Z,, following withdrawal of 
‘anodal’ current pulse. The duration of the current pulses was 6 sec; the temperature of the 
fluid in the beaker was approximately 30° C. 
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0-5 N-H,SO, 


obtained from the nerve membrane were obtained (see Fig. 14). It is obvious 
from what has been stated above that the formal interpretation of the 
phenomenon in terms of e.m.f. and resistance of the surface membrane is 
similar in the iron wire model and in the nerve membrane. 


The author wishes to express his gratitude to Dr C. 8S. Spyropoulos for his valuable help in the 
present investigation. Part of the work presented in this article was carried out at the Marine 
Biological Laboratory, Woods Hole, Massachusetts. 
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PERIPHERAL EFFECTS OF NICOTINE AND ACETYLCHOLINE 
RESEMBLING THOSE OF SYMPATHETIC STIMULATION 
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From the Departments of Pharmacology and of Physiology in the Unversity 
of Oxford and the Department of Pharmacology of the Royal College of 
Surgeons, Queen Square, London, W.C. 1 


(Received 3 April 1959) 


In this paper we extend observations which have been made on various 
peripheral effects of nicotine and acetylcholine, these being effects which 
resemble those of sympathetic stimulation. The pilomotor action of acetyl- 
choline on.the hairs of the cat’s tail was described by von Briicke (1935); Coon 
& Rothman (1940) confirmed this and observed that nicotine had the same 
action. These workers began by studying the effect of acetylcholine in causing 
goose-flesh in the human forearm and then observed that small amounts of 
acetylcholine and of nicotine caused erection of tufts of hairs on the cat’s tail 
after intradermal injection. They observed that the action was unaffected by 
atropine but was abolished by ergotamine. Kottegoda (1953a) described the 
action of nicotine and of acetylcholine in causing acceleration and increased 
contraction of isolated rabbit atria; he found these effects were best seen in the 
presence of atropine. In a second paper (Kottegoda, 19536) he described the 
action of nicotine and of acetylcholine in causing vasoconstriction in the 
perfused vessels of the rabbit ear; he found that this vasoconstriction was 
reversed to vasodilatation when an agent which reversed the constrictor 
action of adrenaline was added to the perfusion fluid. Thus the effects of nico- 
tine on the rabbit atria and the perfused rabbit ear resembled the effects of 
sympathetic stimulation and seemed to be due to the release of an adrenaline- 
like substance. More recently, Thompson (1955) found that nicotine caused a 
contraction of the isolated nictitating membrane of the cat. Further observa- 
tions have now been made on the pilomotor response, on the response of the 
vessels of the perfused rabbit ear and on the response of the nictitating 
membrane. 
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The responses of the isolated nictitating membrane of the cat 

The stimulant action of nicotine on the smooth muscle of the cat’s isolated 
nictitating membrane has already been described (Thompson, 1955), and 
subsequent analysis of this response showed that the action was an indirect 
one, involving the release by nicotine of adrenaline and/or noradrenaline from 
within the substance of the muscle (Thompson, 1958). It was concluded that in 
this preparation nicotine effects the release of sympathins by exciting the large 
number of fine post-ganglionic nerve fibres which course among the smooth 
muscle fibres before innervating them. The possibility that the effect was due 
to stimulation of local ganglion cells was excluded by the complete absence 
of these cells on histological examination (J. G. Murray & J. W. Thompson; 
G. Causey & J. W. Thompson, unpublished observations). 

Recently Burn & Rand (19584, 6) have suggested that nicotine-induced 
vasoconstriction in the vessels of the rabbit ear is brought about by the release 
of noradrenaline from the artery wall, which also contains chromaffin cells. 
Previous treatment of the animal with reserpine not only abolished the nicotine 
effect, but also caused the disappearance of the chromaffin cells. From these 
results it was conjectured that the chromaffin cells may provide the source of 
noradrenaline which is subsequently released by nicotine. Burn & Rand 
(1958a) have also suggested that tyramine may act similarly. 

In the light of these findings the present experiments were undertaken to 
investigate two main points. First, the effect of chronic denervation or reserpi- 
nization on the responses of the isolated nictitating membrane to nicotine, 
adrenaline, noradrenaline, acetylcholine (muscarinic action only), tyramine 
and electrical stimulation of the post-ganglionic nerve supply. And secondly 
the correlation of the pharmacological responses with any histological changes 
that occur in the chromaffin cells located within the smooth muscle (see p. 348). 


METHODS 

Examination of the pilomotor response. We chose black cats since we gained the impression that 
the pilomotor reaction was strongest in them. We observed the reaction by anaesthetizing each 
cat with ether and then preparing the tail so as to leave from 7 to 10 tufts of hair on its dorsal 
aspect, the rest of the hair being removed with clippers. The cat was placed on its back, the tail 
coming forwards over the abdomen and being held by the end in a clamp. An intradermal injec- 
tion could then be made into the base of a tuft, the volume injected being usually 0-025 ml. and 
not more than 0-1 ml. A photograph of the tail was taken before each group of injections, and then 
injections were made of (1) adrenaline, (2) acetylcholine and (3) nicotine into three adjacent tufts. 
The injections took 10 sec to make, and the second-hand of a clock was started at the time of the 
second injection. After 30 sec from the start of the clock a second photograph was taken. The 
neyatives when dry were projected on a screen and the angles of the tufts, before and after the 
injections, were measured with a protractor. It was thus possible to measure the angles through 
which the tufts had risen, and to express the effect of acetylcholine and of nicotine as a percentage 
of the effect of adrenaline. Having allowed the cat to recover, we injected it with reserpine on two 
successive days and then anaesthetized it once more with ether to repeat the observations. 
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Extraction of noradrenaline from tail skin. After clipping the remaining hairs off the tail a liga- 
ture was tied round the base of the tail to prevent excessive bleeding. The skin was rapidly removed 
and a portion of it was weighed (1-2 g) and placed in the deep-freeze for not less than 1 hr. The 
sample was finely divided with scissors and ground with sand in a cold mortar while it was still 
frozen. It was extracted with 2 vol. of acid saline (pH 4) and the whole mixture was transferred to 
a 10 ml. centrifuge tube and again placed in the deep-freeze for not less than 1 hr. The mixture 
was thawed, spun at 2500 rev/min for 20 min and the supernatant was decanted and stored in the 
deep-freeze until required for assay. It was assayed on the rat blood pressure, using a pithed rat 
which had received 1-2 mg atropine as described by Muscholl & Vogt (1957). 


Vasoconstriction in rabbit ear 

The purpose of the observations made in the vessels of the rabbit ear was to study the effect of 
denervation on the response to nicotine. Denervation was effected by removing the superior 
cervical ganglion of one side and by dividing the sensory auricular nerve on the dorsal surface near 
the base of the ear. The rabbits were killed 2~13 days later, and the two ears were perfused side by 
side with Locke’s solution and recording the outflow as described by Burn (1952). The noradrena- 
line present in the skin of the ear was determined by extracting and estimating it as described by 
Burn & Rand (19585). 

The nictitating membrane 

Observations were made on the nictitating membranes of the perfused cat’s head. The superior 
cervical ganglion of one side was removed 11—15 days previously, and the ganglion of the other, 
‘normal’, side was removed at the beginning of the perfusion. The perfusion was carried out as 
described by Burn & Trendelenburg (1954) using Locke’s solution containing 6% dextran. 

Isolated nictitating membrane. The method of setting up the cat’s nictitating membrane as an 
isolated nerve-smooth muscle preparation is a development of that previously described (Thomp- 
son, 1955, 1958) and has already been reported to the British Pharmacological Society (4 January 
1957); details of the method will be published separately. 

The nictitating membranes of 13 adult cats of both sexes were set up as isolated nerve-smooth 
muscle preparations. Normal and chronically denervated membranes and membranes taken 
from reserpinized animals were dissected out and mounted in an organ bath of 100 ml. capacity 
containing Krebs’s solution (Thompson, 1958) at 37° C through which 95% 0,+5% CO, was 
constantly bubbled. Both the medial and inferior smooth-muscle components were dissected out 
(Thompson, 1958), and when chronically denervated membranes were examined, the normal 
membrane from the opposite eye of the same animal was also removed and set up in the same 
organ bath, so that it acted as a control for the denervated preparation. The total number of 
muscles used for each type of experiment was as follows: (i) normal and chronically denervated | 
membranes, 5 medial muscle pairs and 2 inferior muscle pairs; (ii) reserpinized, 6 single medial and 
2 single inferior muscles. 

In the first few experiments contractions were recorded on a smoked drum with an isotonic 
frontal writing lever ( x 10 magnification, load 1 g); but this type of lever was found to be unsatis- 
factory when recording from chronically denervated muscles, owing to the increased tone of the 
denervated preparation. Under these conditions it was difficult to make a quantitative comparison 
of the responses of the two muscles, but this was achieved in later experiments by recording the 
contractions on a smoked drum with an auxotonic pendulum lever (Paton, 1957), with a magniti- 
cation of x 10 and initial tension 1-3 g. This type of lever was used in all subsequent experiments. 

The drugs to be examined were added to the bath for a period of 1-5 min. After each test the 
drum was stopped, the bath was washed out twice and the lever was allowed to return to the base 
line. The following drugs were used: acetylcholine as chloride, adrenaline as bitartrate, nicotine as 
hydrogen tartrate, t-noradrenaline as hydrogen tartrate, tyramine as hydrochloride. All the 
values given in the text refer to the salts and the strength of the drugs used is given as the final con - 
centration in the bath. 3 


Electrical stimulation was carried out with supramaximal square-wave stimuli (0-5 mse’ 
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duration) at 1, 5, 10 and 20 o/s, When the medial muscle was set up in the bath the stimuli were 
applied directly to the post-ganglionic nerve via a special electrode; but when the inferior muscle 
was set up the stimuli were delivered to the muscle directly via two electrodes mounted above and 
below the muscle in the bath (details to be published separately). 

In seven cats unilateral denervation of the nictitating membrane was carried out at a preliminary 
operation with full aseptic precautions under pentobarbitone sodium anaesthesia (Nembutal, 
Abbott Laboratories, 40 mg/kg intraperitoneally). The operations were performed 11-15 days 
before the experiments, and involved one of the following three procedures: (a) removal of the 
superior cervical ganglion and post-ganglionic trunk (four cats); (b) same as (a), but with the re- 
moval of the stellate ganglion of the same side (one cat) ; (c) removal of the superior cervical ganglion 
and post-ganglionic trunk, together with 2 cm of the preganglionic cervical sympathetic trunk and 
accompanying vagal trunk, and the stellate ganglion of the same side (2 cats). 

In six other cats reserpine was injected intraperitoneally before the day of the experiment. The 
doses used were as follows: (i) 4-5 mg/kg for 1 day (one cat); (ii) 1-5 mg/kg Ist day, 5 mg/kg 2nd 
day (one cat); (iii) 1 mg/kg for 2 days (two cats); (iv) 0-5 mg/kg for 4 days (two cats). In (i) and (ii) 
the contents of ‘Serpasil’ ampoules (Ciba Laboratories) were used, but in (iii) and (iv) an 0-02% 
solution of reserpine (Ciba Laboratories), prepared in 20% ascorbic acid, was used. 

Specimens for histological examination were obtained as follows. Both the medial and inferior 
smooth muscle components were dissected out (Thompson, 1958) and whilst one of them was set 
up as an isolated preparation, the other was divided into two portions which were then placed in 
formol saline solution and Orth’s fluid, respectively, and sent to Mr E. H. Leach for histological 
examination. When both nictitating membranes were used, as in the chronic denervation experi- 
ments, then the corresponding halves, i.e. either medial or inferior, were used for pharmacological 
examination, and for histology, respectively. 

Histology. Skin was removed from the tail of two normal and two reserpinized cats. From each 
animal two pieces were fixed, one in formol saline and one in Orth’s fluid. They were dehydrated in 
cellosolve and embedded in estax (Chesterman & Leach, 1956). Sections were cut at 6 and stained 
in the modified Sevki method of Nordenstam & Adams-Ray (1957) also in Azur II. Similar 
treatment was accorded to the nictitating membrane of 4 normal and 4 reserpinized cats and also to 
the nictitating membranes of 4 cats in which denervation of the membrane had been carried out. 


RESULTS 
Effect of reserpine treatment on pilomotor response 

An example of the pilomotor response to adrenaline, acetylcholine and to 
nicotine is shown in Fig. 1. The first experiments seemed to bear out our 
expectation from the paper of Coon & Rothman (1940) that acetylcholine and 
nicotine would produce the pilomotor response in all normal cats. We therefore 
went on to inject cats with reserpine and found that in these nicotine and 
acetylcholine were much less effective. Further study, however, revealed that 
in some normal cats the pilomotor response was poor and not to be distinguished 
from the response in some cats treated with reserpine. These results made it 
essential to have an objective record of the pilomotor response, and also to 
compare the effect of acetylcholine and of nicotine in the same cat before and 
after treatment with reserpine. We therefore developed the method which we 
have described in which adrenaline, nicotine and acetylcholine were injected 
one after another into the skin at the base of adjacent tufts and a photograph 
was taken 30 sec later. 
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The results in five cats are shown in Table 1. In each test the amounts 
injected were adrenaline 0-005ug, nicotine (base) 1-Oug, acetylcholine 5-Oyg. 
When cat No. 1 was normal, adrenaline was injected at the base of tuft No. 1 
(nearest the base of the tail). Before the injection the angle of the tuft was 
15°, and 30 sec after the injection the angle of the tuft was 40°. The effect of 
adrenaline was to cause the tuft to rise through 25° and this figure appears in 
Table 1. At the base of tuft No. 2 nicotine was injected, causing the tuft to rise 


A 


Fig. 1. Pilomotor response in cat’s tail. A shows tail prepared by removing all hair except the 
tufts seen. B shows pilomotor response 30 sec after injection of (1) 5ug acetylcholine (2) 1 ug 
nicotine (base) (3) 5 ng adrenaline. C shows the position of the tufts 60 sec after B. 


TaBLe 1. Effect of adrenaline (0-005 ug), nicotine (1-0g) and acetylcholine (5-0 yg) in 
causing a pilomotor response 
Adrenaline; Nicotine (effect Acetylcholine 
(effect 26 % of that 
(degrees) adrenaline) of adrenaline) 
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from 11° to 39°, that is by 28°. This rise appears in Table 1 as a percentage of 
the effect of adrenaline; since this was 25°, the rise appears as 112. The effect 
of adrenaline in each cat was greater when it had been treated with reserpine, 
so that treatment with reserpine rendered the arrector pili muscles more sensi- 
tive to adrenaline. The effect of nicotine in each cat was less after treatment 
| with reserpine, and the effect of acetylcholine was also less. The mean shows 
, that the nicotine effect was reduced to about one-third and the acetylcholine 
effect was reduced to less than one-half. 


Fig. 2. Rat blood pressure, showing pressor effect of noradrenaline; the numbers indicate dose in 
ng. Also shown, pressor effect of extract of skin of cat’s tail; 0-1 TS, indicates 0-1 ml. of 
extract (2 ml. contains activity in 1 g skin). 


TasBLE 2. Noradrenaline in extracts of tail skin (ug/g) 


Cats treated 
Normal cats with reserpine 
0-60 0-05 
0-30 Nil 
0-22 0-075 
0-22 0-072 
0-35 0-12 
0-25 0-02 
0-50 0-065 
“Mean 0-35 0-057 


Noradrenaline extracted from skin. An example of the testing of two 
extracts of the skin of the cat’s tail is given in Fig. 2 which shows the rise of 
blood pressure caused by the injection of the extracts. The results for different 
extracts are given in Table 2, and they show that the amount of noradrenaline 
which was present was greatly reduced by treatment with reserpine. The mean 
figure in normal skin was 0-35,.g/g and this was reduced after treatment with 
| reserpine to about one-sixth. 
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Vasoconstriction in rabbit ear 
Observations were made in ten rabbits. In six of these the constrictor action 
of nicotine was less in the denervated ear than in the normal ear, and in two 
others it was slightly less. In the remaining two rabbits the constrictor action 
was greater in the denervated ear. In one of these denervation was performed 
only two days previously. Observations were also made on the constrictor 
action of noradrenaline in nine of the rabbits, and in every one the effect was 


Fig. 3. Perfusion of rabbit ears. Upper record was taken from the normal ear; lower record «as 
taken from the (6 days) denervated ear of opposite side. In upper record the injection of 
nicotine acid tartrate, N., into the artery caused a fall of outflow much greater than tha: in 
the lower record; 34g nicotine caused more constriction in the normal ear than 30g in the 
denervated ear. The reverse was true for noradrenaline NAd; 0-001 yg in the normal ear he @ 
much smaller constrictor action than in the denervated ear. 
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greater in the denervated ear. Observations were finally made on the constric- 
tor action of tyramine in six of the rabbits, and in five of them the effect was 
greater in the denervated ear. Since our earlier work had shown that nicotine 
and also tyramine caused vasoconstriction by liberating noradrenaline, dener- 
vation might affect the action of both these substances in two ways. It might 
diminish the amount of noradrenaline released and so reduce their effect, but 
since the amount released would have a greater effect in the denervated ear the 
diminution might appear less than it was or even be completely masked. We 
concluded that denervation reduced the effect of nicotine, as is illustrated in 
Fig. 3, in which the injection of 3g nicotine acid tartrate caused more con- 
striction in the normal ear than 30ug caused in the denervated ear. We were 
unable to draw any conclusion respecting the effect of denervation on the 
action of tyramine. 


TaB_e 3. Noradrenaline in skin of rabbit ear (ug/g) 


Days after 

Normal Denervated operation 
0-12 0-08 8 
0-125 0-12 12 
0-125 0-11 12 


We extracted the skin of the ears of three rabbits in which denervation had 
been carried out on one side. The results, shown in Table 3, did not indicate any 
fall in the amount of noradrenaline in the skin of the denervated ear. This may 
have been because the period of denervation was too short. 


Observations on the nictitating membrane 

When nicotine acts on the nictitating membrane in situ, part of the response 
is due to the action of nicotine on the external ocular muscles (Paton & Thomp- 
son, 1953). We therefore injected 2 mg decamethonium to cause contraction of 
the external ocular muscles, and while this contraction was maintained we 
injected nicotine, as shown in Fig. 4. 

In each of the two experiments we observed that it caused contraction of 
the normal nictitating membrane much greater than that of the denervated 
nictitating membrane, in which the contraction was very small. We observed 
that tyramine also caused a much greater contraction of the normal side. 
Noradrenaline, adrenaline and acetylcholine all caused a greater contraction 
of the denervated side. 

E fect of denervation on the responses. In seven cats the nictitating membrane 
of one side was denervated, and:-after 11-15 days both the denervated and the 
normal membranes from each animal were dissected out and set up as isolated 
ner ye-smooth-muscle preparations. The responses of these twin preparations 


to nicotine, tyramine and electrical stimulation were compared and in addition 
22 PHYSIO. OXLVIII 
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the sensitivity of the muscles to adrenaline, noradrenaline and acetylcholine 


was examined. 

In six of the seven cats the control membranes responded normally to nico- 
tine, tyramine and electrical stimulation, whilst the denervated muscles 
responded very poorly, if at all. Figure 5 shows the responses of a pair of 
membranes (left, normal; right, denervated) in which the responses to nicotine, 
tyramine and electrical stimulation were normal on the control side, whilst they 
were virtually absent on the denervated side. By contrast, the responses to 


Fig. 4. Records of nictitating membranes of the cat, the head being perfused with Locke’s solu- 
tion. The upper record is of the membrane denervated 13 days previously. The lower record is 
of the other membrane; the superior cervical ganglion was removed at the beginning of the 
experiment. At D2 mg decamethonium was injected into the perfusing fluid. At N, 0-66 mg 
nicotine (base) was injected; it caused a contraction on the normal side, hut almost none on 
the denervated side. At N, 2-6 mg nicotine was injected, at Ad 5yug adrenaline and at Tyr 
4 mg tyramine. 


adrenaline and noradrenaline were actually a little larger on the denervated 
muscle than on the normal muscle, whilst the reverse was true of the acetyl- 
choline response. It is well established that denervation of the nictitating 
membrane im vivo sensitizes it to adrenaline and noradrenaline, and this 
experiment illustrates that such an effect can also be demonstrated in vitro. The 
depressant effect of post-ganglionic denervation on the sensitivity of the cat's 
nictitating membrane in vivo to tyramine was first described by Biilbring & Burn 
(1938) and later by Fleckenstein & Burn (1953) and Innes & Kosterlitz (1954). 
All the denervated muscles exhibited some degree of spontaneous activity 
and an example of this is shown in the lower tracing of Fig. 5 after the record 
of the response to adrenaline 0-01 g/ml. After the muscle had relaxed and ‘he 
drum was restarted, the lever made three spontaneous twitch responses. 4 
pattern of activity frequently encountered in the denervated preparations. 
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During these experiments electrical stimulation of the nerve to the nictitating 
membrane in the bath sometimes produced a small contraction, showing that 
some intact post-ganglionic nerve fibres to the muscle were still present. For 
example, Fig. 6 shows the responses obtained from a twin preparation in which 
electrical stimulation at 10 and 20 c/s produced small contractions of the 
denervated muscle; the normal muscle gave average sized contractions in 
response to stimulation at 1, 10 and 20c/s. In addition, the denervated 

Responses of normal and denervated isolated 
nictitating membranes from the same cat 
Ad NAd Nic —Tyr—— ACh Electrical stimulation 


0-01 01 30 3 10 0-01 


Te/s Se/s 10 c/s 20 c/s 25 c/s 
Final concentration of Square-wave stimuli 


drug (ug/ml.) (0-5 msec width) 


min 
Fig. 5. Contractions of the left, normal (upper tracing), and right, denervated (lower tracing), 
isolated medial muscles of the nictitating membranes from the same cat, to adrenaline (Ad), 
noradrenaline (NAd), nicotine (Nic), tyramine (Tyr) and acetylcholine (ACh) in the doses 
shown, and to electrical stimulation at 1, 5, 10, 20 and 25 c/s. Auxotonic lever. Time marker, 
minutes. The membranes were removed from a cat in which denervation of the right mem- 
brane had been carried out according to procedure (c) 15 days previously. 


muscle in this experiment exhibited frequent spontaneous rhythmical twitch 
responses (Fig. 6, S) which were readily fired off by any procedure that stimu- 
lated the muscle, so that most contractions of this muscle, whether induced 
by drugs or electrical stimulation, usually began with a brisk twitch. The 
drug responses of the experiment shown in Fig. 6, were similar to those 
already illustrated in Fig. 5; the responses to nicotine and tyramine were very 
reduced, whilst those to adrenaline and especially noradrenaline were greater 
tha on the normal side; the acetylcholine contraction was slightly reduced on 
the denervated side. 

In the first four chronic denervation experiments, in which the superior 
cervical ganglion and post-ganglionic trunk had been previously removed, 
on!y three of the muscles were completely denervated (as judged by the virtual 
absznce of any response to nerve stimulation) ; the fourth responded by contrac- 


tion to nerve excitation at 1, 5, 10 and 20 c/s. In an attempt to ener in 
99. 
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future all operated membranes were adequately denervated a more extensive 
resection of other possible sources of preganglionic nerve supply to the muscle 
was undertaken. Thus, in addition to removing the superior cervical ganglion 
and post-ganglionic trunk, the stellate ganglion of the same side was removed 
in one animal, and in two others this was combined with the resection of 2 cm of 
preganglionic cervical sympathetic trunk and accompanying vagus nerve. In 
spite of these extra precautions, the incidence of completely denervated 


Responses of normal and denervated isolated 
nictitating membranes from the same cat 


Ad NAd Nic. Tyr ACh Electrical stimulation 


170 005 S$ Wejs 20 c/s 


Fina! Square-wave 
of drug (~g/ml.) stimuli 
min errr (0-5 msec width) 


Fig. 6. Contractions of the left, normal (upper tracing), and right, denervated (lower tracing), 
isolated medial muscles of the nictitating membranes from the same cat to adrenaline (Ad), 
noradrenaline (NAd), nicotine (Nic), tyramine (Tyr) and acetylcholine (ACh) in the doses 
shown, and to electrical stimulation at 1, 10 and 20 c/s. Auxotonic lever. Time marker, 
minutes. The membranes were removed from a cat in which denervation of the right mem- 
brane had been carried out according to procedure (c) 14 days previously. Note at S spon- 
taneous twitch-like activity of denervated muscle. 


preparations was actually lower than with the simpler operation; in only one of 
the three cats was complete denervation produced. These results only emp!ia- 
size the difficulty of achieving surgically complete denervation of structures 
innervated by the sympathetic nervous system. Moreover, if as few as 1!) 
(or less) of post-ganglionic fibres are accidentally left intact in this situati n, 
within 11 days sufficient collateral sprouting of these fibres will have occurred 
to effect a partial re-innervation of the muscle, which, combined with dene! : a- 
tion supersensitivity, results in nerve stimulation producing responses eq 4! 
to those on the normal side (Murray & Thompson, 1957). Added to this, ‘!:e 
method of testing for completeness of denervation which was used in the-e 
experiments, and which cannot be applied to experiments on the nictitat:g 
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membrane in vivo, is likely to reveal very small degrees of incompleteness of 
denervation. 

The drug responses of both normal and denervated muscles were compared 
further, (a) by constructing dose-response curves, and (b) by measuring the 
concentration of adrenaline, noradrenaline and acetylcholine necessary to 
produce threshold and 50°, maximal (ED,.) responses (see Table 4). Figure 7a 
and 6 shows two typical curves from a twin preparation where one striking 
difference between them is the great reduction in the responses of the de- 
nervated muscle to nicotine, tyramine and electrical stimulation. In this 
experiment the responses of the normal muscle to electrical stimulation 


L (a) Normal muscle 


30 
3 
20 ¢/s 
is} 10 ¢/s 
E S c/s 
£ £10 
8 st 1 
o| 
0-0005 0-005 0-05 0-5 10 10 D 100 
0-001 0-01 0-1 


Final concentration of drug (ug/ml.) 


(b) Denervated muscle 


b 


5 


cl 


Contraction of nictitating membrane (mm) 
uw 


0-0005 | 0-005' 005 0-5 1-0 5 10 50 100 
0-001 0-01 1 


Final concentration of drug (ug/ml.) 


Fig. 7 Dose-response curves of contractions of (a) normal (left) and (5) denervated (right) isolated 
medial muscles of the nictitating membranes from the same cat to acetylcholine (@), 
adrenaline (Q), noradrenaline (+), tyramine ( x ), nicotine (@) and nerve stimulation (+); 
(nerve stimulation plotted arbitrarily). Semi-log scale. The membranes were removed from a 
cat in which denervation of the right membrane had been carried out according to procedure 


(b) 14 days previously. | 
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(Fig. 7a) was smaller than usual, but was definitely greater than that recorded 
from the denervated muscle (Fig. 75). For example, on the denervated side 
stimulation at 1 c/s failed to evoke any response, but 20 c/s elicited a contrac- 
tion of little better height than that achieved by the normal muscle at 1 c/s. 
Nicotine produced contractions which were not proportional to the dose used, 
so that the two highest concentrations added to the bath (30 and 100yug/ml.), 


TaBLe 4. Concentrations of adrenaline, noradrenaline and acetylcholine required to elicit threshold 
(Thr.) and 50% maximal (ED,,) responses. Pooled results obtained from dose—response 
curves of six different pairs of experiments. Isotonic recording used in Expts. 1 and 2; 
auxotonic in Expts. 3-6. Medial muscle used in Expts. 1 and 4-6; inferior muscle in Expts. 2 
and 3. Method of denervation: 1-3 (a); 4 (6); 5-6 (c). 


Ad NAd ACh 
Thr ED Thr. ED Thr ED, 
(ug/ml) (ug/ml.) (ug/ml.) 
Normal membranes 
l 0-01 —_ 0-01 — 0-01 — 
2 0-005 0-525 0-005 2-5 0-005 0-41 
3 0-003 0-92 0-01 2-8 0-01 1-25 
4 0-001 0-132 0-003 0-56 0-001 0-046 
6 0-01 — 0-001 
Means 0-0058 0-417 0-007 1-953 0-0054 0-568 
Denervated membranes 


Means 0-0036 0056 00017 0-062 00046 0-305 


elicited contractions smaller than those produced by 10yg of the drug per 
millilitre. The denervated muscle failed to respond to tyramine in concentra- 
tions of 1-0 and 3-0 »g/ml., though 5yg/ml. elicited a tiny contraction. The 
effect of denervation on the dose-response curves to adrenaline and noradrena- 
line confirmed the results already shown in Figs. 5 and 6, and made it clear that 
the sensitivity of the denervated muscle to noradrenaline increases several 
times more than the sensitivity to adrenaline. Whereas in the normal muscle 
noradrenaline is about 4—5 times less active than adrenaline, in the denervated 
muscle both substances are approximately equally active. 

The concentrations of drugs necessary to produce threshold and FD» 
responses in different experiments (normal and denervated twin preparations) 
are given in Table 4, together with the mean values for all experiments in e°ch 
group. To facilitate comparison, the mean values are also presented as a block 
histogram in Fig. 8, where the supersensitivity of the denervated muscles to 
adrenaline and noradrenaline is clearly shown. These results are in accord 
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with those already described by previous workers (see, for example, Rosen- 
blueth, 1932; Cannon & Rosenblueth, 1949; Burn & Trendelenburg, 1954; 
Innes & Kosterlitz, 1954) for the denervated nictitating membrane in vivo. 
However, the finding that the over-all sensitivity of the isolated denervated 
membrane to acetylcholine is unchanged is at variance with the findings of 
Rosenblueth (1932) and of Burn & Trendelenburg (1954), but may be due, at 
least partly, to the exclusion of any indirect actions that acetylcholine pro- 
duces on the membrane im vivo. Although comparison of the lower parts of the 


Normal Denervated Reserpinized 


Final concentration of drug in bath (ug/mi.) 


0-001 

Fig. 8. Histogram comparing the mean threshold (solid black) and mean ED,, (outline) concen- 

trations of adrenaline (Ad), noradrenaline (NAd), and acetylcholine (ACh) on normal, 

denervated and reserpinized isolated nictitating membranes. Logarithmic ordinate scale. 
(Histogram constructed from data given in Tables | and 2.) 


dose-response curves in Fig. 7a and b suggests that the denervated muscle 
(Fig. 75) is slightly supersensitive to acetylcholine, this is not so at the upper 
end of the curve, where the reverse is true. The over-all effect, as is shown by the 
mean values and indicated in the block histogram (Fig. 8) is that there is no 
supersensitivity of the denervated muscles to acetylcholine. 

In the seventh cat, in which denervation had been carried out 13 days 
previously, the results were different from those already described for the 
other six cats. The responses of this denervated muscle to nerve stimulation 
showed that out of all the denervated experiments this membrane had been 
least well denervated. Thus, the initial height of the contractions induced by 
1 c/s was equal on both normal and denervated sides, and at 5, 10 and 20 c/s, 
the responses of the denervated muscle were as much as half the size of those of 
the control muscle. Throughout the experiment contractions due to nicotine 
and tyramine were greater on the denervated side than on the normal side. 
Nevertheless, the increase in sensitivity of the denervated muscle to adrenaline 
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and noradrenaline was of the same order as in the other six experiments on 
denervated muscles; both drugs were equally active on the membrane. These 
apparently paradoxical results were provably due to the summation of the 
effects of partial denervation with those of denervation supersensitivity. The 
results of nerve stimulation showed that an appreciable number of intact nerve 
fibres were present, whilst the responses of the muscle to adrenaline and nor- 
adrenaline indicated that supersensitivity was well developed. Under these 
conditions, any substance capable of causing the release of adrenaline and/or 
noradrenaline by chemical excitation of nervous elements, i.e. post-ganglionic 
nerve fibres and/or chromaffin cells, might well elicit greater responses on the 
partially denervated than on the normal side. The results of this experiment 
support the previous suggestion that nicotine acts indirectly on the nictitating 
membrane in vitro by causing the release of adrenaline and/or noradrenaline 
through the excitation of nervous elements (Thompson, 1958). That a similar 
type of mechanism may also exist for tyramine has already been suggested by 
Burn & Rand (1958a), and the results of this experiment are in accord with 
this possibility. 

Effect of previous reserpinization on the responses. It is already known that 
reserpine greatly reduces the effects of post-ganglionic nerve stimulation to the 
nictitating membrane in vivo (Bein, 1953), and the responses of the isolated 
nictitating membranes taken from the six reserpinized cats confirmed that this 
effect can also be demonstrated in vitro. As is shown in Fig. 9, reserpinization 
produced a muscle which had properties which were intermediate between 
those of normal and denervated membranes. The main features which dis- 
tinguished a reserpinized membrane from a normal muscle were as follows: 
(1) The contractions produced by electrical stimulation were either smaller or 
virtually absent. If a contraction was elicited by stimulation, then the height 
characteristically waned during the period of stimulation and repeated periods 
of stimulation produced gradually diminishing responses (see Fig. 10). 

(2) The responses to nicotine and tyramine were also much smaller or virtually 
absent (Figs. 9 and 10). 

(3) Unlike the denervated membrane, the reserpinized muscle showed no 
spontaneous activity or increase in tone. 

A membrane in which the responses to nerve stimulation were less affected 
by previous reserpinization is shown in Fig. 10, where contractions to 1, 5 and 
10 c/s are shown which were not only smaller than those recorded from a 
normal muscle under similar conditions, particularly at the higher rates of 
stimulation, but also showed the characteristic waning response both during 
the period of stimulation and on repeated stimulation. By contrast, the nico- 
tine and tyramine responses were almost abolished, but contractions due to 
adrenaline, noradrenaline and acetylcholine were unaffected. 

The concentrations of adrenaline, noradrenaline and acetylcholine necess«:ry 
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Responses of a reserpinized 
isolated nictitating membrane 


——Ad-——- -—NAd— -—Nic— -——ACh— 


20 10 10 10 


Electrical 
stimulation 


1-0 0-5 Sc/s 10 c/s 
Final concentration of drug S 
quare- 
(xg/ml.) wave stimuli 
minf TTT (0-5 msec width) 


Fig. 9. Contractions of the isolated medial muscle of the nictitating membrane to adrenaline (Ad), 
noradrenaline (NAd), nicotine (Nic) and acetylcholine (ACh) in the doses shown, and to 
electrical stimulation at 5 and 10 c/s. The membrane was removed from a cat which had 
received reserpine 4-5 mg/kg 1.P. the day before the experiment (dosage schedule i). Isotonic 
lever; time marker, minutes. 


Responses of a reserpinized 
isolated nictitating membrane 


—Ad—- —=NAd— Tyr —ACh— 


0-1 
Final concentration of drug (xzg/mi.) 


1css W Se/fs W Wejs c/s Ses 10 ¢/s 
Square-wave stimuli 
(0-5 msec width) 

min 

Fig. 1). Contractions of the isolated medial muscle of the nictitating membrane to adrenaline (Ad), 
noradrenaline (NAd), tyramine (Tyr) and acetylcholine (ACh) in the doses shown, and to 
e octrical stimulation at 1, 5and 10 c/s. W = washing out. The membrane was removed from a 
cat which had received reserpine 1 mg/kg 1.P. for 2 days before the experiment (dosage 
schedule iii), Isotonic lever; time marker, minutes. Note the diminished responses to the 
second cycle of nerve stimulation. 


4 


' 
ad 
. 
5 
a 
4 


348 J.H. BURN AND OTHERS 


to produce threshold and ED, responses in the reserpinized membranes are 
shown in Table 5, which also includes the mean values for all experiments. 
These values are compared with those for normal and denervated membranes 
in Fig. 8. The ED,,. concentrations for all three drugs on the reserpinized 
membranes are comparable with those for the normal muscles (Tables 4 and 5), 
but the threshold values were different in an unexpected way. Whilst the 
adrenaline and acetylcholine thresholds were of the same order as those for 
normal and denervated muscles, the threshold to noradrenaline was apparently 
raised. Bein, Gross, Tripod & Meier (1953), and Bein (personal communica- 
tion) found that the sensitivity of the nictitating membrane of the cat to 
adrenaline was immediately increased after the intravenous injection of 
reserpine (1 mg/kg), but that a similar effect was not observed with noradrena- 
line and the adrenaline effect was abolished by section of the spinal cord at C1. 
Taste 5. Concentrations of adrenaline, noradrenaline and acetylcholine required to elicit 
threshold (Thr.) and 50% maximal (ED,,) responses. Pooled results obtained from dose 
response curves of six experiments. Isotonic recording used in Expts. 1-4; auxotonic in 
Expts. 5 and 6. Medial muscle used in Expts. 1, 2, 5 and 6; inferior mus¢le in Expts. 3 and 4. 
System of dosage: | (i); 2 (ii); 3 and 4 (iii); 5 and 6 (iv). 


Reserpinized membranes 
Ad NAd ACh 
Thr ED, Thr. Thr ED, 
(ug/ml) (ug/mil.) (ug/ml.) 
0-5 0-1 1-85 0-118 
0005 O08 O01 06 — 0-09 
0-54 — 2-3 1-35 


cour 


Means 0-003 055 0-03 246 001 0-377 


In the present experiments no obvious supersensitivity to adrenaline developed, 
whilst the threshold to noradrenaline actually increased. However, the con 
ditions under which the experiments of Bein et al. were done were very different 
from those of the present investigation, and so the results are not comparable. 
In order to investigate to what extent the transmission block depended upon 
the duration and/or amount of reserpine given to the animal, four different 
dose schedules of reserpine were given (see Methods). The results were erratic, 
and there was no correlation between the total duration or the total amount of 
reserpine administered, and the degree of block recorded on nerve stimulation. 


Histological results 
It was not possible to obtain any strong positive reaction in any cell in the 
material with the histochemical methods found by Nordenstam & Adams- 


Ray (1957) and Burch & Phillips (1958) to give positive results with the 
chromaffin cells of human skin. But with thir Sevki staining method many 
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cells were seen. Most of these were undoubtedly ordinary mast cells, but some 
were different and these were assumed to be homologous with the chromaffin 
cells of human skin. 

In the skin of the normal cat’s tail these chromaffin cells were found in the 
subcutaneous tissue and also between the bases of the hair follicles at the level 
of the insertions of the arrector pili muscles, which were well developed. The 
chromaffin cells were small, and their shape was oval, polygonal or with 
branched processes. The cytoplasm either contained fine granules or was filled 
with a hyaline material. The typical mast cells were larger, rounder and their 
granules were coarser. Intermediate types existed. Both chromaffin cells and 
mast cells gave a positive periodic acid Schiff (P.A.S.) reaction. 

The effect of reserpine was best studied in the Orth-fixed material. Similar 
results could be obtained by treating sections of the formol-saline-fixed material 
during the night with 1° chromic acid. Without doubt there was a reduction 
in the number of cells stained by the Sevki method. More careful study showed 
that it was the cells described above as chromaffin cells which were affected. 
In some of these fine granular or hyaline material was present still but in 
reduced amount. Other cells probably derived from these had a vacuolated cyto- 
plasm and a pyknotic nucleus. Treatment by the P.A.S. method revealed that 
although many of the chromaffin cells were no longer stained by the Sevki 
method, they were still present and their cytoplasm was still P.A.S. positive. 

In the nictitating membrane of the normal cat, the cells staining by the 
Sevki method were of widely varying appearance. Some were packed tightly 
with medium sized granules and corresponded with mast cells. Others con- 
tained fine and sparse granules and these were regarded as homologous with the 
chromaffin cells of human skin. Both ordinary mast cells and chromaffin cells 
were found throughout, but near the muscle only chromaffin cells were seen. 

Similar material from the reserpinized cats showed an obvious reduction in 
the number of cells stained by the Sevki method. Again it was the cells 
described above as chromaffin cells which were affected. In one specimen not 
more than one chromaffin cell was seen near the muscle in any one section. The 
remaining chromaffin cells appeared to have fewer granyles. The effect of 
denervation was studied in six membranes, and a reduction of chromaffin cells 
was observed in four. In the fifth there was no definite change and in the 
sixth denervation was known to be very incomplete. Although the chromaffin 
cells in the denervated membranes were not so obviously reduced in number, 
their nuclei were pyknotic and the granules quite sparse. 


DISCUSSION 
Recent work has shown that there are several tissues in which nicotine exerts a 
peripheral effect similar to that of adrenaline. Coon & Rothman (1940) de- 
scribed the pilomotor action in the cat’s tail. They included nicotine in a study 
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of the effect of acetylcholine which had been shown by von Briicke (1935) to 
provoke the pilomotor response. They made observations also on the skin of 
the human forearm where acetylcholine causes gooseflesh ; since this effect was 
exerted over a wide area they concluded, as did Lewis & Marvin (1927), that 
acetylcholine elicited an axon reflex. While this seems to be the probable 
explanation of the events in human skin it seems not to apply to the cat’s tail 
where the effect of acetylcholine and nicotine is strictly local. The present work 
shows that the pilomotor response was greatly reduced in the cat treated with 
reserpine. Since the skin of the tail then was found to contain much less 
noradrenaline, it seems most probable that nicotine and acetylcholine produce 
their effect by liberating noradrenaline or adrenaline, and may do this from the 
chromaffin cells which were observed among the arrector pili muscles and which 
were found in much smaller numbers after reserpine treatment. 

In the nictitating membrane isolated from the body, nicotine, which causes 
contraction (Thompson, 1958) has now been observed to lose its effect both in 
the denervated membrane and in the membrane from the reserpine-treated cat. 
Chromaffin cells were found in the membrane as well as in the skin of the tail 
and these were reduced both by denervation and by treatment of the cat with 
reserpine. The histological picture was, however, different in the two con- 
ditions. After denervation the cells were pyknotic and apparently dying, 
whereas after reserpine treatment they had lost their granules but appeared 
otherwise healthy. This difference may be related to the observation that, 
whereas the pressor response to tyramine which is feeble in the reserpine-treated 
animal can be restored by an infusion of noradrenaline, the constrictor 
response to tyramine which was absent in a denervated limb was not restored by 
an infusion of noradrenaline in two experiments. Similarly, the contraction 
of the spleen by tyramine, absent in the denervated organ, was not restored. 

The effect of denervation was also studied in the vessels of the rabbit ear; here 
also the action of nicotine was reduced and that of noradrenaline increased. 
However, no fall in the content of noradrenaline in the skin of the ear was 
observed. 

The conclusions which can be drawn from these experiments are as follows. 
First, that the pilomotor action of nicotine in the cat’s tail and the action on 
the nictitating membrane are further examples of a peripheral sympatho- 
mimetic action of nicotine depending on the release of noradrenaline from a 
local store. The second conclusion is that these peripheral actions of nicotine are 
exerted on part of the normal mechanism of sympathetic impulses, since in the 
nictitating membrane and in the vessels of the rabbit ear the action is absent 
after denervation. On the question of the local store from which nicotine 
releases noradrenaline our results must be regarded as preliminary and su;- 
gestive only. We have observed, together with the disappearance of the action 
of nicotine, a reduction in the number of cells which there is some reason to 
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believe may be chromaffin cells containing noradrenaline and adrenaline. It is 
clear that while these two events may be related, further work is required to 
establish a conclusion of this importance. 


SUMMARY 


1. Nicotine and acetylcholine injected intradermally into the cat’s tail 
cause a localized pilomotor response as adrenaline does. This response was 
much reduced if the cat was given reserpine first. 

2. Treatment with reserpine greatly reduced the amount of noradrenaline 
which could be extracted from the skin of the cat’s tail, and it also reduced 
the number of chromaffin cells and the number of granules in them. These 
chromaffin cells were present in the arrector pili muscles. 

3. Nicotine causes contraction of the isolated nictitating membrane of the 
eat’s eye. If the membrane was first denervated, or if the cat was given 
reserpine beforehand, the action of nicotine was then very small. Chromaffin 
cells were found in the normal membrane, and in most cases denervation 
reduced their number; they looked pyknotic. Treatment with reserpine caused 
the chromaffin cells to diminish and to lose their granules, but they remained 
healthy in appearance. 

4. Nicotine causes constriction of the vessels of the perfused rabbit ear. 
When the sympathetic fibres had degenerated this effect was found to be greatly 
reduced. 

5. The results support the conclusion that nicotine acts in all three cases by 
liberating noradrenaline from a peripheral store, and that the store may be 
contained in chromaffin cells. The action of nicotine appears from the results of 
denervation to be exerted on some part of the normal sympathetic pathway. 

This work was done during the tenure by M.J.R. of a Fellowship from the Life Insurance Medical 


Research Fund of Australia and New Zealand. One of us (J.W.T.) is indebted to Dr A. K. 
Pittman and Ciba Laboratories for generous supplies of reserpine. 
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EFFECT OF FREQUENCY OF ELECTRICAL STIMULATION ON 
THE CONCENTRATION OF INTERMEDIARY METABOLITES 
IN MAMMALIAN NON-MYELINATED FIBRES 


By P. GREENGARD* anp R. W. STRAUBt 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 3 April 1959) 


The present experiments are concerned with the effects of electrical stimulation 
on the concentrations of phosphate esters in non-myelinated nerve fibres. 
Phosphate esters of living cells serve as an intermediary step in the conversion 
of energy derived from the oxidation of foodstuffs into a form which the cells 
can use to carry out their function. For peripheral nerves this concept has 
been discussed by Gerard (1955). It has been difficult, however, to obtain 
evidence in support of the view from experiments performed on myelinated 
nerve fibres. For instance, Gerard & Tupikova (1939) apparently obtained 
decreases in the levels of creatine phosphate (CrP) and adenosine triphosphate 
(ATP) in these nerve fibres in the frog only with severe conditions of stimula- 
tion. The difficulty of demonstrating such decreases in myelinated nerve 
fibres as a result of electrical stimulation can be understood by considering the 
absolute size of the ion movements during impulse conduction, since the esti- 
mated change in sodium concentration per impulse is extremely small. On the 
other hand, in small non-myelinated fibres such as the C fibres of vertebrates, 
the estimated change in sodium concentration per impulse is several thousand 
times greater. These fibres, then, should have an enormously greater energy 
dissipation per impulse, in the form of downhill ion movements, than do mye- 
linated A fibres, and should, therefore, require correspondingly greater energy 
to restore the ionic gradients which existed before the impulse conduction. 
Accordingly, a nerve bundle containing C fibres should provide a more suitable 
preparation than myelinated nerve fibres for the study of the role of ATP in 
the energetics of impulse conduction. 

We have therefore examined the effect of nerve stimulation on the level of 
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CrP and ATP, as well as some other metabolites, in nerve bundles from the 
rabbit vagus, since these are composed predominantly of such non-myelinated 
C fibres (Evans & Murray, 1954). Analysis of these compounds in the relatively 
small amount of tissue available in such nerve bundles was made possible by 
the development of highly sensitive analytical methods based on the combined 
use of enzymic and fluorimetric techniques (Greengard, 1956, 1958 and 
unpublished experiments). Our results show that the CrP and ATP content 
of these fibres is readily depleted by short periods of activity, suggesting that 
CrP and ATP serve as reservoirs of energy for the active restoration of the ion 
gradients existing before impulse conduction. A short account of this work 
has been published in the Proceedings of the Physiological Society (Greengard 
& Straub, 1957). 


METHODS 


Preparation and stimulation of nerve bundles. Adult lop-eared rabbits were anaesthetized with 
urethane given as a 25% (w/v) solution into the marginal ear vein (1-6 g/kg). The experiments 
were carried out at 21-24° C. From the two cervical vagi corresponding pieces were removed, 
cleaned under a dissecting microscope, cut to equal length (4-5 cm), mounted on platinum 
electrodes and shown to conduct impulses by monitoring the compound action potential. One 
vagus served as unstimulated control and the other was stimulated at 15 or 50/sec with stimuli 
supramaximal for C fibres. After a 15 sec period of stimulation the nerve, while still being 
stimulated, was plunged into a centrifuge tube containing 1-5 ml. of 0-1 ™ triethanolamine buffer 
at pH 8-1 which had been pre-heated to 100° C in a boiling water-bath. This procedure was used 
to eliminate any post-tetanic recovery period. After 40 sec the tube was cooled rapidly to 0° C 
and the contents were homogenized by means of a glass pestle ground to fit the lower part of the 
tube. Next, 1-5 ml. of alcohol-free chloroform was added to the homogenate, the tube stoppered 
with a ground-glass stopper, shaken vigorously for 3 min and centrifuged at 3000g for 10 min. 
The clear supernatant was then removed for analysis of the intermediary metabolites. These 
procedures for the fixation and extraction of the nerves by heating at a neutral pH and treatment 
with chloroform are, with minor modifications, those previously described by Greengard, Brink & 

Colowick (1954). These procedures have two advantages over methods using precipitants such as 
_ trichloroacetic acid. First, the nature of extraction is more gentle and, second, there is less inter- 
ference with the subsequent estimations of the intermediary metabolites, since these estimations 
are based on the use of suitably purified enzymes, the activity of which can be seriously inhibited 
by precipitants such as trichloroacetic acid. 

Estimation of the intermediary metabolites. The clear supernatant was analysed for the following 
nine intermediary metabolites: CrP, ATP, adenosine diphosphate (ADP), adenosine monophos- 
phate (AMP), glucose-6-phosphate, 1,3-diphosphoglycerate, phosphoenolpyruvate, pyruvate and 
a-ketoglutarate, by the methods of enzymic fluorimetry. Two portions of different amounts were 
used for each estimate to be carried out on the supernatant from a nerve extract. The results of 
the two analyses usually agreed within 1-2 %. When there was a discrepancy of greater than 4°, 
the results were discarded, and the estimation was repeated. 

The principles of these methods as well as the analytical procedures used for the estimation of 
ATP, ADP, phosphoenolpyruvate, glucose-6-phosphate and pyruvate have already been described 
(Greengard, 1956, 1958). Some improvements in the assay procedures for these compounds as 
well as the methods used for the estimation of CrP, AMP, a-ketoglutarate and 1,3-diphospho- 
glycerate will be described in detail elsewhere. 

CrP was estimated by the addition of creatine phosphate-ADP transphosphorylase to ihe 
system used for the assay of ATP; AMP was estimated by the addition of myokinase to the 
system used for the assay of ADP; a-ketoglutarate and 1,3-diphosphoglycerate were estims‘ ed 
by using glutamic dehydrogenase and 3-phosphoglyceraldehyde dehydrogenase respectively. 
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Estimation of nerve masse. Although the analytical procedures used for estimating the amounts 
of metabolites in nerves were accurate, the manner of calculating the concentrations of meta- 
bolites presented a problem. The vagus nerve bundle, after cleaning and draining excess water 
had, on the average, a wet weight of about 9 mg. Both because of the possible damage caused by 
partially drying the vagus nerve with its delicate C fibre population, and because of the large 
percentage error involved in making a wet weight estimation of this small amount of tissue, a 
different procedure was adopted. For the present purpose the absolute weight of the nerve 
bundles was not of prime importance, but rather the relative amounts of tissue used for the 
control and stimulated bundles; therefore their length was used as a measure of the mass. 

The average weight of the vagus nerves was found to be 2-040-1 mg/cm length in eleven 
nerves prepared solely for the purpose of this measurement. Therefore, in order to express the 
values obtained for the phosphate compounds in mumole/mg wet weight and thereby to facilitate 
comparison with results obtained by other workers, the experimentally determined concen- 
trations of these compounds (mpumole/cm length) were multiplied by 0-50. 

In the preliminary account published in the Proceedings of the Physiological Society (Greengard 
& Straub, 1957) not only the length of the nerve bundles but also their protein content was taken 
as the basis for calculating their relative mass. The results obtained on the effect of stimulation 
on the concentrations of intermediary metabolites were essentially the same when using the 
protein content of the nerve bundles as when using their length as the basis for calculation. 
However, since there was a doubt as to the reliability of the protein estimations, these results 
have been omitted from the present paper. 


RESULTS 
Of the nine different compounds examined, glucose-6-phosphate, 1, 3-diphos- 
phoglycerate, phosphoenolpyruvate and «-ketoglutarate could not be detected 
in the nerve bundles whether extracted at rest or during electrical stimulation. 
If these substances had been present in a concentration higher than 0-03 mp- 
mole/mg wet weight they should have been detected with the methods of 
estimation used. 

Pyruvate was found in the nerve bundles. Its mean concentration in the 
unstimulated bundles was 0-22+0-02 mumole/mg wet weight, and, in the 
nerve bundles extracted during electrical stimulation, was 0-23 + 0-03 mumole/ 
mg wet weight. Thus activity produced no significant change in the concentra- 
tion of pyruvate. 

The results obtained for CrP, ATP, ADP and AMP from nerve bundles 
extracted at rest are given in Tables 1 and 2. Table 1 gives the absolute mean 
values for 8-9 nerve bundles, and Table 2 gives the ratios of CrP, ADP and 
AMP to ATP. The figures in brackets in Table 2 are the ratios obtained from 
the values of Table 1; the other figures are the means of the ratios calculated 
for 16 individual nerves including the eight of Table 1. 

When the nerves were extracted during electrical stimulation, and provided 
the frequency of stimulation was sufficiently high, the content of CrP and 
ATP decreased as is shown in Table 3. For each nerve extract the sum of the 
OrP plus ATP and the value for ATP were directly estimated; the value for 
CrP vas obtained by difference. 


The results given in Table 3 show that on electrical stimulation at 50/sec 
23 PHYSIO. CXLVIII 
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there was a highly significant decrease by about 16 and 18% in CrP and ATP, 
respectively. With a stimulation frequency of 15/sec there was no change in the 
CrP level; the ATP level increased by 8% but this increase is not statistically 


significant. 


TaBLE 1. Concentrations of CrP, ATP, ADP and AMP, in resting cervical vagus nerves of 
rabbit, expressed as mumole/mg fresh weight +8.8.M. Means of eight, and in the case of CrP 


ATP 2-1140-24 
ADP 0-28 + 0-02 
AMP 0-08+ 0-01 


TasBie 2. Concentrations of CrP, ADP and AMP, in resting cervical vagus nerves of rabbit, 
expressed as mole/mole of ATP+s.z.m. Means of sixteen experiments 


CrP/ATP 0-94+4.0-07 (0-98) 
ADP/ATP 0-1440-01 (0-13) 
AMP/ATP 0-04+0-01 (0-04) 


Tasiz 3. Effect of electrical stimulation on the levels of CrP and ATP in rabbit cervical vagus 
nerves. The mean values are the concentration in the stimulated nerves as percentage of that 
in the resting contralateral nerves. The values have been calculated with respect to equal 
lengths of resting and stimulated nerves. The data were analysed by the ¢ test and the 
probability of obtaining ¢ by chance is given by P 


Stimulation CrP + ATP ATP CrP 
(per sec)  expts. Mean+s.x. P Mean + P Mean + 8.5. P 
15 5 105-6461 04-05 1079440 01-02 101:54+9-9 0-8 —0-9 
50 8 82:7+3-0* <0-001 820124 <0-001 84-4443 0-001 -0-01 


* Nine experiments, 


The decreases in CrP and ATP with a stimulation frequency of 50/sec 
represent minimal values for the phosphate changes in the nerve fibres because 
of dilution by the surrounding connective tissue, the phosphate content of 
which is unlikely to take part in these changes. Since the maximal physio- 
logical frequency of firing of non-myelinated autonomic nerve fibres is about 
10/sec (Folkow, 1952; Douglas & Ritchie, 1957), our results with stimulation 
at a frequency of 15/sec accord with the expectation that resynthesis is capable 
of coping with energy demands at physiological frequencies, at least during 
short periods of activity. 

In nerves which were extracted during electrical stimulation at a frequency 
of 50/sec the ADP and AMP content was found to be unchanged in six experi- 
ments, but in two it increased sufficiently to account for a great part of the 
break-down of ATP. The failure to obtain an increase in ADP and AMP in the 
other experiments is explicable in terms of further degradation of these esters. 
The results of the two positive experiments were practically identical and the 
results of one of these are given in Table 4. The ADP increased by 1-97 and the 
AMP by 0-18 mumole upon stimulation, whilst the ATP decreased by 
2-66 mumole. The total adenosine nucleotide content was almost unchanged; 


of nine experiments CrP 1-96 + 0-28 
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it agreed within 4% in the stimulated and resting nerves. Although the abso- 
lute concentration changes for ADP and ATP were of the same order, the 
percentage change in ADP, on account of its lower concentration in the resting 
nerve, was much greater than in ATP. 


Taste 4. Recovery of ATP as ADP and AMP in cervical vagus nerve stimulated at 50/sec for 
15 sec. The resting values were obtained from an equal length of the contralateral nerve. 
Values expressed as myumole per nerve 


Absolute (as % of that of 
Rest Stimulated change resting nerve) 


ATP 12-95 . 10-29 — 2-66 79-4 

ADP 0-32 2-29 +1-97 716-0 

AMP 0-13 0-31 +0-18 238-0 

Total 13-40 12-89 -0-51 96-2 
DISCUSSION 


Our results show that, in non-myelinated small C fibres, short periods of 
activity, provided the frequency of stimulation is sufficiently high, cause a 
decrease in CrP and ATP content. A concomitant increase in ADP and AMP 
could only be demonstrated in two out of eight experiments. However, the 
problem of the pathway of ATP break-down is complicated by the possibility 
of further degradation of the initial break-down products. For example, if 
ADP is the initial break-down product, it might quickly be dephosphorylated 
to AMP, which might then be deaminated to inosine monophosphate. This 
could explain the fact that, in the majority of our experiments, the loss of 
ATP was not associated with an increased concentration of ADP and AMP. 

The changes in CrP and ATP content regularly observed in non-myelinated 
nerves during activity are unlikely to be associated with the action potential 
itself, since during the action potential the movements of Na* ions into and of 
K* ions out of the axons are down electrochemical gradients. Thermodynami- 
cally, therefore, these movements require no source of chemical energy 
(Hodgkin, 1951). However, after the impulse the nerve fibres are left with an 
excess of Nat and a deficit of K+ and, since the flow of Na+ out of the axons 
and of K+ back into the axons, necessary to restore the nerve fibres to their 
initial states, requires movement of these ions against their electrochemical 
gradients, it is in this recovery process that chemical energy must be utilized 
(cf. Hodgkin & Keynes, 1955). 

Recently Caldwell & Keynes (1957) haveshown that, in giant axons previously 
poisoned with cyanide, injection of ATP into the axons results in an increased 
extrusion of Na+, On the assumption that ATP is similarly involved in the 
extrusion of sodium ions which have entered nerve fibres during an impulse, 
the changes in phosphate esters of C fibres observed in the present experiments 
can readily be related to the ion movements involved per impulse. 
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In a non-myelinated nerve fibre, the average increase per impulse in sodium 
concentration AC, which equals the average decrease per impulse in potassium 
concentration, is given by the expression 


QxA QxIidi _ 4Q 


where AC is the concentration change in mole/ml., 
Q is the influx of sodium or efflux of potassium in mole/impulse .cm* 
surface area, 
A is the surface area of the fibre in cm’, 
V is the volume of the fibre in cm’, 
d is the diameter in cm, and 
1 the length of the fibre in cm. 


We have estimated that for C fibres, Q = 5 x 10-1 mole/cm?. impulse at 24° C 
(Greengard & Straub, 1958), in fair agreement with the values obtained for 
giant axons. Thus 


AC = 


20 x 10-2 


AC (mole/ml.) = nr 


By expressing AC in mM and d in microns, we obtain the numerical relationship 


AC (mm) = 
Thus for a fibre of 0-5. diameter AC = 0-4 mm; that is, there will be an 
0-4 mM increase in sodium concentration and an equal decrease in potassium 
concentration for each impulse. Our estimates of ATP and of CrP for these 
fibres were 2-1 and 2-0 m-mole/kg respectively. Thus, if no resynthesis were to 
take place, and if one molecule of ATP were utilized for each sodium ion ex- 
truded, then recovery from about five impulses would deplete the entire store 
of ATP and recovery from five additional impulses would deplete the CrP 
reservoir as well. Two considerations which suggest that a somewhat larger 
number of impulses than that just calculated might be required to deplete the 
phosphate esters of the nerve fibres are the following. First, on thermodynamic 
grounds, it is possible that as many as four or five sodium ions might be 
extruded per molecule of ATP. 


The free energy change, AG, for the extrusion of 1 g.ion of Na is given by the expression 


AG = RT In +PE, 
where RF is the molar gas constant, ” 
T the absolute temperature, [Na,] and [Na,] the outside and inside concentrations of 
sodium, F Faraday’s constant and #, the resting membrane potential. 
R = 1-986 cal/degree and F = 23,050 cal/mole.V. In the conditions of our experiments, 7 = 296° 
absolute and [Na,] = 154mm. Assuming the values [Na] = 40mm (Krnjevic, 1955) and 
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B, = 0-080 volts, we calculate that AG = 2635 cal. Burton (1958), citing the work of T. Ben- 
singer, R. Hems, K. Burton & C. Kitzinger (in preparation), has recently given as the most 
reliable estimate for the standard free energy of hydrolysis of ATP a value of — 8400 calories. 
Taking into account the concentrations obtained in the present experiments, ATP 2-1 and 
ADP 0-3 mm, and using a value of 7-0 mm for inorganic phosphate, found for several other 
nervous tissues (Rossiter, 1955), the free energy of hydrolysis of ATP in these fibres becomes 
~ 12,450 cal. Thus one Na* ion extruded per molecule of ATP would represent an efficiency of 
about 21% and 4-7 Na* ions extruded per molecule of ATP an efficiency of 100%. 


Secondly, if only 60°%,"of the nerve bundle were intracellular space (Manery 
& Hastings, 1939), the average intracellular concentration of ATP and of CrP 
would be nearly twice as high as the value in m-mole/kg whole nerve. Even 
taking these two considerations into account, however, the calculations for the 
ion movements involved per impulse in C fibres indicate that not more than a 
few dozen impulses would be adequate, in the absence of resynthesis, to deplete 
the known high-energy phosphate reservoirs of non-myelinated nerve fibres. 

Calculation of the ion movements per impulse in large myelinated fibres such 
as the A fibres of the frog sciatic nerve explains why it is so much more difficult 
to detect, in these nerves, a decrease in CrP and ATP content as a result of 
stimulation. First, Hodgkin (1951) has estimated that, owing to the presence 
of the insulating myelin layer, a myelinated fibre needs to exchange only about 
1/300 as much sodium in order to conduct an impulse as a non-myelinated 
fibre of equal diameter. Secondly, in non-myelinated fibres the change in Nat 
and K* concentration per impulse is, presumably, inversely proportional to the 
fibre diameter, so that a 0-5 1 non-myelinated fibre should have a 20 times 
greater change in concentration of Na+ and K+ per impulse than a 10 » non- 
myelinated fibre. Therefore it would appear that the average increase per 
impulse in Nat concentration in a 10 myelinated fibre would be only about 
1/300 x 1/20 = 1/6,000 of that in an 0-5 » non-myelinated fibre. If the 10 u 
myelinated fibre were representative of the fibres in the frog sciatic nerves used 
in the experiments of Gerard & Tupikova (1939) and the 0-5 » non-myelinated 
fibre representative of the fibres in rabbit vagus nerves used in the present 
experiments, then the rate of energy dissipation per unit volume of axon 
would have been 3000 times greater in our experiments, in which the frequency 
of stimulation was 50/sec, than in the experiments of Gerard & Tupikova in 
which the frequency of stimulation was 100/sec. Therefore, in our experiments 
the rate of utilization of chemical energy in restoring the ionic gradients should 
have been enormously greater, and with it the possibility of demonstrating a 
decrease in the content of high-energy phosphate esters, since such a decrease 
depends upon utilization of these esters at a greater rate than they can be 
resynthesized. Obviously, when the rate of resynthesis of these phosphate 
esters keeps up with their break-down no decrease in their content can be 
exiected. This probably happened when the C fibres were stimulated at a 
fre‘yuency of 15/sec and no decrease of CrP and ATP was observed. 
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It is interesting, in this connexion, that our nerve fibre preparations main- 
tained unimpaired spikes for the entire 15 sec period of stimulation at the 
lower frequency of stimulation, but invariably showed partial failure of the 
compound action potential when stimulated at 50/sec for 15 sec. This failure 
can be explained by the decrease in the level of high-energy phosphate, following 
which the nerve fibres could be expected to accumulate sodium and lose 
potassium to the point at which they are no longer able to conduct impulses. 
In our experiments the time which elapsed between the onset of stimulation 
and the fixation of the nerve bundles was 15 sec. The observed decrease of 
CrP and ATP in these experiments shows that the utilization of the energy 
associated with the break-down of these compounds must have occurred 
within these 15 sec. This is not surprising since a quick utilization of chemical 
energy would be expected from the results on giant axons in which extra 
sodium injected into the axons began to be extruded with a time lag of at 
most a few seconds (Hodgkin & Keynes, 1956), and also from the results on the 
positive after-potential in mammalian C fibres which follows the action 
potential within a few hundred milliseconds and which is probably a sign of 
increased extrusion of sodium ions (Greengard & Straub, 1958). 


SUMMARY 


1. The effect of electrical stimulation on the concentrations of intermediary 
metabolites has been studied in the rabbit cervical vagus nerve, which is 
composed primarily of C fibres. 

2. Glucose-6-phosphate, 1,3-diphosphoglycerate, phosphoenolpyruvate 
and a-ketoglutarate could not be detected in either resting or stimulated 
nerves, the limit of sensitivity of the analytical methods being 0-03 mumole/mg 
wet weight. 

3. Pyruvate was present in about 0-2 mumole/mg wet weight in both the 
resting and stimulated nerve bundles. 

4. The concentration of CrP as well as of ATP in resting nerve bundles was 
about 2-0 mumole/mg wet weight. During stimulation at 50/sec for 15 sec 
there was a decrease of about 17°% in these two esters. 

5. In two out of eight experiments the decrease of ATP could be accounted 
for by the formation of ADP and AMP. 

6. The relative ease of depleting CrP and ATP in C fibres, compared with 
A fibres, is explained in terms of greater energy requirements for reversing the 


much larger changes in concentrations of sodium and potassium per impulse 
calculated to occur in the C fibres. 


We are extremely grateful to Sir Charles Harington for his hospitality and to Dr W. Feldberg for 
his interest in this work, and we wish to thank Miss M. V. Mussett for the ¢ test computations. 
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THE EFFECT OF METABOLIC INHIBITORS ON THE SODIUM 
FLUXES IN SODIUM-LOADED FROG SARTORIUS MUSCLE 


By H. 8. FRAZIER* anp R. D. KEYNES 
From the Physiological Laboratory, University of Cambridge 
(Received 20 April 1959) 


It has been apparent for a number of years that expenditure of energy is 
necessary to achieve and maintain the electrolyte concentration gradients 
across the membranes of living cells, but as yet there is little definite indication 
as to how the energy derived from metabolism is linked to these ion transport 
systems. One of the most specific and detailed hypotheses concerning this 
linkage has been put forward by E. J. Conway under the title of the ‘Redox 
Pump’. Its theoretical aspects have been treated in a number of papers 
(e.g. Conway, 1953) and experimental evidence adduced in others (Conway, 
Ryan & Carton, 1954; Conway & Carey, 1956; Carey, Conway & Kernan, 


1959). 


The theory supposes that, in general, hydrogen ions are formed from the 
hydrogen atoms released in cellular dehydrogenation reactions. The electrons 
removed are passed down an oxidation-reduction chain of reactions to some 
spatially separate site where they are taken up by an electron acceptor. The 
hydrogen ions are then available for exchange with other ions across the cell 
membrane. If, as seems most reasonable, oxygen is considered to be the final 
electron acceptor, a consequence of the theory is that no more than one 
equivalent of ions can be transported for each equivalent of oxygen consumed. 
If oxygen consumption is suppressed, for example by cyanide, active ion 
transport should be reduced commensurately. 

One of the difficulties in an experimental test of the theory lies in deciding 
how much of an observed ion flux is ‘active’ and how much is due to a process 
which does not require expenditure of energy. If a preparation is used in which 
net flux of an ion occurs against an electrochemical gradient, this value of 
flux must represent a lower limit to the rate of active transport of that ion. 
Recently Conway & Carey (1956) and Carey et al. (1959) have described a series 
of experiments in which the net Na extrusion from Na-loaded frog sartorii in a 
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recovery medium was inhibited by cyanide. They have used this result as 
evidence to support the view that a redox pump mechanism is responsible for 
active Na transport in this tissue. 

In the experiments to be reported here we have been unable to confirm 
the inhibitory effect of cyanide on Na extrusion by the Na-loaded frog sar- 
torius. In addition, experiments on the effects of mono-iodoacetic acid and 
cyanide on the unidirectional Na fluxes in this preparation are reported. 
Because of our failure to confirm the results of Conway & Carey (1956) and 
Carey et al. (1959), our experimental procedures and methods are given in 
some detail. 

METHODS 

Preparation. Healthy R. temporaria or, in a few instances, R. esculenta, which had been caught 
between August and May were selected, pithed, and the paired sartorii dissected free under a 
low-power microscope. The muscles were suspended on Perspex frames at in vivo rest length + 1 mm. 
After mounting the muscles were examined and both members of the pair discarded if either 
muscle showed more than two damaged fibres. The frames were then suspended in the appro- 
priate solutions, which were stirred by bubbles of a mixture of 97% O, +3% CO, and by raising 
and lowering the muscles 40 times a minute through a vertical distance of 12 mm in the solution. 


1. Composition of solutions (mm) 


Warburg 
Normal Soaking-in Recovery recovery 
Na 103-8 120-0 104-0 104-2 
K 2-5 0 10-0 10-0 
: Ca 0-9 0-9 0-9 0-9 
iy Mg 1-2 1-2 1-2 1-2 
HCO, 25-0 25-0 25-0 0 
Cl 745 88-0 82-0 113-2 
HPO, 3-0 3-0 3-0 
SO, 1-8 1-8 1-8 0 
Gluconate 1-9 1-9 1-9 0 
26-0 0 12-0 10-0 


Solutions. The experimental solutions were of three general types, on the pattern of those 
described by Boyle & Conway (1941) and by Conway & Carey (1956). Their composition is given 
in Table 1. The solutions were made up fresh from stock solutions and dry glucose within 72 hr 
of use. Solutions not used immediately were stored in a refrigerator. All solutions were equili- 
brated with 97% O,+3% CO,. For the solutions containing metabolic inhibitors, 1 ml. of stock 
NaCN solution, 2ml. of stock neutral Na mono-iodoacetate (IAA), or both, were added to a 100 ml. 
flask and made up to volume with the appropriate experimental solution, yielding a final con- 
centration of CN- plus HCN of 2 mm, and IAA of 5 mm. In the inhibitor solutions the concentra- 
tions of all ions except Na were reduced by a maximum of 3%, and the calculated total osmolarity 
was increased by less than 1%. Na concentration was increased by a maximum of 3-9%. 

Net flux experiments. In all experiments controls were furnished by the other member of a pair 
of muscles treated simultaneously. After dissection and inspection of the muscles they were 
suspended in 100 ml. of the soaking-in solution for 24 hr at a temperature of 1 + 1° C. The muscles 
were then transferred to 100 ml. of reéevery solution held at 18-0+0-5° C for a period of 0-5, 
1-0 or 2-0 hr. Throughout the periods of soaking-in and of recovery, the 97% O,+3% CO, 
mixiure was bubbled through the solution. 

Two types of experiments were done using exposure to CN. In the first the CN was present 
only in the recovery solution; in the second CN was present in both the soaking-in and recovery 
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fluids. Because of the high volatility of HCN and the fact that the solutions were stirred by a 
current of gas bubbles, it was necessary to determine the rate of loss of CN from the incubating 
fluids. CN analyses were done by a standard Ag titration method (Vogel, 1953) modified by the 
use of diphenylcarbazone as an indicator. The CN was added to a bicarbonate buffer system of the 
same concentration as that in the experimental solutions and incubated in the usual fashion, and 
the residual CN concentration measured as a function of time. At 18°C in this system the 
average rate of decline of CN concentration was 3-9%/hr; at 1° C it was 2-7 %/hr. 

At the end of the experimental period the muscles were tested for excitability and removed 
from the frames; the tendons and terminal 0-5 mm of muscle were cut off, the muscle was blotted 
with filter paper and weighed. The muscles were then dried to constant weight at 105° C, reweighed, 
and ashed during the night at 580° C. The residue was taken up in 0-75 n-HNO,, diluted, and the 
Na and K concentrations measured in an Evans Electroselenium flame photometer, using stand- 
ards containing the expected concentrations of both Na and K. Under these conditions the 
fractional standard deviation of duplicate samples was 0-6 % for Na and 1-2 % for K. The electro- 
lyte coneentrations are expressed as m-mole/kg wet weight of muscle. 

Oxygen consumption experiments, These experiments were performed in order to relate the 0, 
uptake of CN-inhibited, Na-loaded muscles to the amount of Na extruded during the recovery 
period. Sets of three pairs of muscles were put through the standard soaking-in procedure for 
24 hr. At the end of this time one member of each pair was removed, blotted, weighed and ashed, 
and the content of Na and K measured as described above. The remaining three muscles were 
then transferred to a Warburg flask containing 3 ml. of a recovery solution which differed from 
that used previously by the substitution of a phosphate buffer system for the bicarbonate. The 
composition of the recovery solution is given in Table 1. As before, stock NaCN solution was added 
to give a final concentration of 2mm. Using the direct method, the O, consumption of these 
muscles was measured over a 2 hr recovery period, the muscles were removed, blotted, weighed 
and ashed, and the content of Na and K determined. 

Unidirectional flux experiments, A limited number of experiments were performed to measure 
the unidirectional Na fluxes during the recovery period, using “Na as a tracer. The Na was ob- 
tained as **NaHCO, from the reactor at Harwell, dissolved in a slight excess of HCl and evaporated 
to dryness. Samples were counted in a G—M liquid counting tube (Mullard MX 124 or Twentieth 
Century M6H) and appropriate dead-time and decay corrections applied. The sartorii were pre- 
pared in the usual way with the additional precaution of carefully cleaning the muscles of adherent 
tissue except for a small portion of tendon at the proximal and distal ends. The muscles were then 
suspended at resting length on glass frames by thin platinum wire. 

For the determinations of Na efflux during the recovery period, “NaCl was added as the dry 
salt to the soaking-in fluid to give a final Na concentration of 120 mm and the muscles were equili- 
brated in 6 ml. of the fluid. The other conditions remained as described above. Following the 24 hr 
period of soaking-in, the muscles were washed for 1 min in normal Boyle-Conway solution and then 
put through a series of 5 ml. volumes of unlabelled recovery fluid held at 18°C. These fluid 
samples were then counted to determine the content of *Na. In muscles not exposed to metabolic 
inhibitors, loss of “Na from the muscle can be described by a single exponential function of time 
after an initial period of 25-30 min during which Na loss proceeds at a faster rate. At the ter- 
mination of an experiment the muscles were handled as described above, the determination of 
dry weight being omitted, and the content of “Na as well as total Na and K measured. Since 
each experimental muscle was matched by a paired control of nearly equal weight from the saiie 
animal, no corrections for extracellular diffusion effects were made. Only the slow phase of ‘a 
extrusion after 25-30 min of washing out was examined. 

For the determinations of Na influx during the recovery period, the muscles were subjected to 
@ normal soaking-in procedure. At appropriate intervals after the onset of recovery, paired 
muscles were exposed to “Na-labelled recovery solution for a period of 10 min and then trens- 
ferred to a series of 5 ml. volumes of recovery fluid for a total of 65-90 min. This period vs 
sufficient to allow the extrusion of more than 75% of the *Na contained in the slow phase of 
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exchangeable Na. The total “Na entering the slow phase of the muscle Na pool during the period 
of exposure was determined by extrapolating from the terminal 35-60 min of the washing-out curve 
to the time of exposure and taking the integral of this curve as a rough approximation to the 
amount of *Na entering the cellular phase of the muscle during the exposure. Since the results 
were to be compared with those from a paired control of nearly equal weight, no attempt was 
made to calculate absolute fluxes and diffusion corrections were not applied. 

For both influx and efflux experiments metabolic inhibitors were added as described for the 
net flux experiments. 

RESULTS 
Net flux experiments 

The normal concentrations of muscle electrolytes in the first series of animals 
were 19-1 +0°3 m-mole/kg wet weight for Na, and 85-4 + 1-3 m-mole/kg wet 
weight for K. Unless otherwise stated, this and subsequent measures of varia- 
tion are expressed as + 18.8. of the mean. Boyle & Conway (1941), also using 
R. temporaria, reported normal values of 23-9 + 0-6 m-mole/kg wet weight for 
Na and 84-6 + 1-0 m-mole/kg wet weight for K (variation + 1 s.p. of the mean). 
Desmedt (1953) gives 26 + 1-4 m-mole/kg for Na and 97 + 2 m-mole/kg for K 
in R. temporaria. The low values for Na observed here are probably due to a 
seasonal variation in the preparation. 


0 i 
-24 0 1 2 
: Hours from onset of recovery 
Fig. 1. The effect of CN on Na extrusion by Na-loaded frog sartorii at 18°C. O, untreated; 
®, 2mm-CN during recovery period; @, 2 mm-CN during period of soaking-in and recovery. 
Vertical lines represent + 1 s.z. of the mean. 


3 


Muscle Na (m-mole/kg wet wt.) 


he results of the experiments performed between October and December 
on the effects of CN on Na extrusion are presented in Fig. 1 and Table 2. 
Uncer these experimental conditions, untreated muscles are able to extrude 
the excess Na gained during the 24 hr period of soaking-in, and to re-establish 
normal muscle Na and K concentrations after a period of 1 hr in recovery 
solution. Exposure of the muscle to 2 mm-CN during the recovery period or 
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during the soaking-in and recovery periods does not influence the rate or | 


extent of recovery by the muscle. 

Because of the possibility that seasonal variations in the electrolyte meta- 
bolism of the frogs might account for our failure to confirm the results of 
Conway & Carey (1955), a few experiments of the same sort were performed 
in May and June with recently captured animals. The results differed quanti- 
tatively but not qualitatively from the observations made the previous autumn. 
Normal frogs caught in May had a Na concentration of 29-0 + 1-1 m-mole/kg 
wet muscle with a K concentration of 99-6 + 3-0 m-mole/kg wet muscle. 


Tas e 2. The effect of cyanide on sodium extrusion by sodium-loaded frog sartorii 
Na content (m-mole/kg wet weight of muscle at time specified) 


i 24 hr 0-5 hr 1-0 hr 20hr 
Treatment Normal soaking-in recovery recovery recovery 
Autumn frogs 
No inhibitor 19-1 (10) 565- 5426 (12) 39-243-0(9) 210+0-6 (6) 22-041-1 (14) 
2 mm-CN during 29-54+1-6 (3) 18740-7 (3) 20-4+1-1 (5) 
reco 
2 during 45-5421 (9) 36-142-7 (6) 18-340-7 (3) 20-1+41:8 (6) 
soaking-in and 
recovery 
Spring frogs 
No inhibitor ‘1 (6) 66-6+0-6 (3) 41-242-4 (3) 36-8+1-7 (15) 
2 mm-CN during 42-9+2-7 (2) 28-41+3:-2 (3) 
recovery 


Variation is expressed as +1 5.2. of the mean. Figures in parentheses are the numbers of 
muscles used in calculating each mean. 


The results of the experiments on spring frogs are given in Table 2. While 
the rate of Na extrusion from the muscles was considerably slower than that 
observed in autumn frogs, the CN-inhibited muscles in this series again 
extruded Na at the same rate as the controls. 

In an effort to discover the variable responsible for the difference between 
our results and those of Conway & Carey, a number of alterations in the ex- 
perimental conditions were tried. Doubling the CN concentration, restricting 
the volume of recovery fluid to 1 ml. per muscle, and equilibrating the 
experimental solutions with gas mixtures containing 0-5% CO, failed to 
inhibit the Na extrusion by the CN-treated recovering muscles. 


Oxygen uptake and net flux 

As a direct check that respiration was fully inhibited in the recovering 
muscles, the 0, consumption in the presence of 2 mm-CN was measured during 
the period of net Na extrusion. Six pairs of muscles were run in two experi- 
ments, one member of each pair being analysed at the end of the soaking-in 
period, and the other member being incubated in a Warburg apparatus in the 
presence of CN for 2 hr before measurement of weight and Na and K content. 
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The results are presented in Table 3. The net Na extrusion is calculated on 
the assumption that the extracellular space in the sartorius is 12-5 ml./100 g 
wet muscle, and that the extracellular space remains constant between 
the end of the soaking-in period and the end of a 2 hr period of recovery. 
The precise figure chosen for the extracellular space is not important, since it 
alters the calculated net Na extrusion but little. The assumption of the con- 
stancy of the extracellular space is crucial and bears further examination. 


TaBLE 3. Oxygen uptake and sodium extrusion during recovery in 


cyanide-poisoned muscles 
Na content Weight of neg muscles 
(m- pera. wet weight) Calculated 
extrusion 
Expt. in recovery soaking-in recovery (umole) ay 
I 49-1 25-7 122-4 125-9 2-6 14-5 
2 67-7 34-6 155-6 152-7 4-9 27-6 ‘ 5 


* See text for discussion of assumptions. ¢ 1 mm on manometer corresponds to 0, uptake 
of 1-5 pl. 


Desmedt (1953) has shown that frog sartorii soaked in solutions containing 
0-2 mm-K at 2-3°C for as long as 50 hr show no significant change in the 
normal polysaccharide space of 12-5 ml./100 g wet tissue. From this we may 
conclude that any increase in muscle Na during the period of soaking-in 
represents a true increase in cell Na and not simply an expansion of the extra- 
cellular space. If CN were inhibiting the extrusion of cell Na during the period 
of recovery then the observed decrease in muscle Na would have to be at- 
tributed to a contraction of the extracellular space. However, the magnitude 
of the fall in muscle Na is greater than could be accounted for on this basis, 
even if the extracellular space were to decrease to zero. 

If we ignore Desmedt’s findings and assume that in the present work the 
observed increase in muscle Na during the period of soaking-in is related to 
an abnormal increase in the extracellular space, then the loss of muscle Na 
during the recovery period would be caused by a contraction of the extra- 
cellular space toward a normal value of about 12-5 ml./100 g wet tissue. If 
this were the case, then a loss of weight of approximately 20-25% would 
be required to account for the change in muscle Na during recovery. In a 
smal! series of paired muscles an average weight gain of 3-7°% was observed 
during the 2 br period of recovery. 

The percentage of muscle solids changes only slightly in control and CN- 
treated muscles during the recovery period. This fact rules out the possibility 
that the observed changes in muscle Na concentration are due simply to 
changes in cell water. 

In summary, changes in the extracellular space are not adequate to account 
for the observed variations in muscle Na content with soaking-in and recovery. 
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Further, there is evidence to support the belief that extracellular space and 
cell water do not change appreciably under these experimental conditions; 
hence the observed differences in Na concentration must have resulted from 
changes in the Na content of the cells. The predicted O, uptake is calculated 
by assuming that all the 0, consumed is devoted to Na extrusion, and that 
one equivalent of O, is required to extrude one equivalent of Na. 

In the experiments reported here the Warburg apparatus centre-well 
contained 0-2 ml. 2 m-KOH to act as a CO, absorber. To this was added NaCN 
to prevent transfer of HCN from the incubation medium into the alkali. 
By error, the final concentration of NaCN in the alkali was made 2-9 m, a 
concentration considerably lower than that necessary to provide a partial 
pressure equal to that of 2 mm-HCN in solution at pH 7-3-7-4. In fact, this 
error does not appear to affect the results, since little or no decrease in gas 
volume within the Warburg apparatus was observed during the recovery period, 
and pressure changes caused by removal of HCN from the gas phase would be 
interpreted as increased O, consumption by the tissue. Thus these circum- 
stances should operate to give, if anything, falsely high rather than falsely 
low figures for O, uptake. The results in Table 3 show that Na was extruded 
in marked excess of what would have been predicted on the basis of the redox 
pump hypothesis and the measured O, consumption. 

Unidwrectional flux experiments 

The exchangeability of muscle Na during the soaking-in period. As a prelude 
to the study of the behaviour of the slow phase of Na extrusion from Na- 
loaded frog sartorii, experiments were performed to determine the size of the 
isotopically labelled pool in the cold-soaked muscles. Muscles were exposed 
to *Na-labelled soaking-in fluid at 1° C for periods from 16 to 46 hr with 
determination of the specific activity of the muscle and soaking-in fluid 
at intervals during this period. The results are shown in Fig. 2. Under 
these conditions approximately 10°%, of the muscle Na remains unlabelled after 
as much as 46 hr of exposure at low temperature to solutions containing only 
trace amounts of K. At the end of the 24 hr period of soaking-in, the un- 
labelled fraction of muscle Na corresponds to about 5 m-mole/kg of wet 
muscle, 

This observation is in agreement with that of Conway & Carey (1955), 
who found that after equilibration of sartorius muscle in vivo with “Na for 
24 hr, 48+ 1-3 m-mole Na/kg remained unlabelled, and concluded as the 
result of further studies that this Na was within the general fibre population. 
Harris & Steinbach (1956) have shown the existence of a non-exchanging Na 
pool in sartorius and other leg muscles of the frog exposed in vitro to Na 
for 16-20 hr at 4° C. The size of this unlabelled component averaged 4:8 m- 
mole/kg of muscle, and at least a substantial proportion of the amount was 
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concentrated at the ends of the muscle, presumably in the connective tissue. 
In the experiments reported here, the terminal 1 mm of the muscles was 
removed before determination of the content of “Na and inactive Na, thus 
excluding much of the connective tissue. 

These observations seem to conflict to some extent with those of Keynes 
& Swan (19595), who found that under conditions of low external K concen- 
tration, low temperature, and incubation periods of 26-51 hr, only 1-2 m-mole 
Na/kg was not replaced by Li. We are not at present able to explain why the 
exchange of Na with Li should appear to be more complete than the exchange 
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Fig. 2. The exchangeability of Na in the isolated frog sartorius. The muscles were exposed 


to “Na-labelled soaking-in fluid at 1° C. 


between Na and “Na. For our present purposes, the points to be kept in mind 
are that the physiological basis for the differences in behaviour of these two 
muscle Na pools is not clearly established, and that the results reported here 
refer to a fraction of cell Na which may be present only under conditions of 
low external K and exposure to cold. 

“Na efflux during the recovery period. Because the conditions of soaking-in 
and recovery were somewhat different in the unidirectional flux experiments, 
it was necessary to determine the changes in muscle Na when small volumes 
of labelled soaking-in fluid and frequent changes of recovery fiuid were used. 
These changes are presented in Fig. 3, together with the effects of 2 mm-CN 
anc 5 mm-[AA on the recovery process. These experiments were done on late 
Winter and early spring frogs and some differences from the net flux recovery 
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curves are to be expected on this basis, but the differences in the control 
curves probably also reflect the changes in the conditions of soaking-in and 
recovery. 

Within the limits of experimental error the percentage of solids remains 
constant and equal in control and inhibitor-treated muscles during the period 
from 25 to 105 min after the onset of recovery. Hence the changes in muscle 
Na cannot be due to changes in cell water. 
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Fig. 3. Muscle Na during recovery at 18° C in the “Na efflux experiments. O, control 
sartorii; @, sartorii treated with 2 mm-CN +5 mm-IAA. 


In the muscles treated with metabolic inhibitors the plot of log efflux 
against time shows non-linearity which is outside the range of experimental 
error. A graphical method of obtaining rate constants is subject to large 
errors in this situation, and the following method of obtaining the rate 
constants at each time has been used. The curves of efflux against time have 
been fitted by eye and rates of efflux at the beginning of each collection period 
read from the resulting graph. The total counts collected from the muscle, 
beginning with the counts,n the muscle digest, are then added up, starting 
with the last collection, to give the total number of counts in the muscle at the 
beginning of each collection period. To arrive at the rate constants for Na 
efflux at the beginning of each collection period, the rate of efflux at that time 
is divided by the number of counts in the muscle at that time, giving a serics 
of rate constants for “Na efflux during the period of observation. 

An example of the efflux of Na from recovering paired control muscles ‘s 
presented in Fig. 4. There is rather good agreement in the behaviour of the two 
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muscles of the pair, indicating that the differences observed between paired 
muscles in later experiments were the result of the inhibitor treatment of one 
member of the pair. On the same figure there are plotted the *Na efflux 
rate constants from a freshly dissected sartorius soaked for 2 hr in “Na- 
labelled Ringer’s solution at 18-0° C. The muscle was then washed for 20 sec 
in inactive Ringer’s solution and put through a series of samples of Conway 
recovery medium containing 10 mm-K at 18-0°C. Under these conditions the 
tate constant typically remains a constant during the observation period, 
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Fig. 4. Rate constants of **Na efflux from muscles in recovery fluid at 18°C. ©, x, paired 
Na-loaded control sartorii; @, freshly dissected sartorius exposed to “Na-labelled Ringer's 
solution at 18° C for 2 hr. 


which excludes the first 25 min of washing out, in contrast to the behaviour 
of the Na-loaded muscles, in which the efflux rate constant undergoes a slow 
increase during the 80 min interval of recovery. A possible explanation for the 
difference in behaviour between freshly dissected and Na-loaded muscles 
would be that the Na efflux tends to saturate at high internal Na concentra- 
tions. Other hypotheses could be suggested, however, and the available data 
are not sufficient to establish the occurrence of saturation. 

The typical changes in the ‘instantaneous’ rate constants for *Na efflux 
during the recovery period in a normal and a paired muscle poisoned with 
CN snd TAA are shown in Fig. 5. In contrast to the control muscle, which 
shows an initial increase in the rate constant with time, the paired muscle 
treated with inhibitors shows a rapid and progressive fall in the rate constant 
of N. efflux to values about 50% of the control. The same type of response is 
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observed in muscles treated with IAA alone, but the rate constant tends not to 
fall as rapidly or to reach levels as low as 50% of the matched control during 
the period of observation. 

The information as to the time course of the values for the rate constants 
together with the changes in muscle Na content given in Fig. 3 permit the 
calculation of the rates of Na efflux at intervals during the recovery period in 
the control and poisoned muscles. In making the calculations an extracellular 
space of 12-5 ml./100 g wet tissue has been assumed in order to determine the 
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Fig. 5. Rate constants of “Na efflux from paired Na-loaded sartorii during recovery at 18° C. 


O, control; @, treated with 2 mm-CN +5 mm-IAA. Experiment 197. 


portion of the whole muscle Na which is extracellular, and a further 5 m-mole/ 
kg has been subtracted to correct for the non-exchangeable muscle Na. The 
residual Na represents the cellular Na pool which gives rise to the efflux, the 
latter being equal to the product of the simultaneous values for the efflux 
rate constant and the size of the Na pool, in appropriate units. 

The results of two such experiments, with pairs of muscles one of which has 
been treated with CN and LAA, are presented in Fig. 6. The rates of Na efflux 
are expressed as the ratio of Na efflux in the normal control to that from the 
poisoned member of the pair at the same time. The rate of efflux from 
the control muscle is greater by about’a third than that from the poisoned 
muscle during the early portion of the recovery period, and gradually declines 
over the subsequent 80 min to a value equal to that of the poisoned muscle. 
The change in efflux ratio is due principally to a decrease in the control efi! x, 
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the efflux from the poisoned muscle remaining constant or decreasing slightly 
during the period of observation. 

The total excess of Na extruded by the control muscle, as compared to the 
poisoned muscle, can be determined by plotting the rate of efflux from the 
two muscles against time on linear graph paper and determining the area 
between the curves by planimetry. In the experiments shown, the inhibitor- 
sensitive efflux, or excess of Na extruded by the control muscle as compared 
with the poisoned muscle, amounts to 6-4 and 8-3 m-mole/kg wet muscle in 
the period from 25 to 105 min of recovery. From Fig. 3 the observed net 
fall in Na during this period in the control muscle is 9 m-mole/kg wet tissue. 
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Minutes after onset of recovery 
Fig. 6. Na efflux from sartorii during recovery at 18°C. Each point represents the efflux from 
the paired control muscle compared with that of the muscle treated with 2 mm-CN + 5mm- 
IAA. O, experiment 197; x , experiment 203. 


“Na influx during the recovery period. In the CN and IAA-treated muscles 
the rapidity of increase in Na content during the recovery period raises the 
possibility that one effect of the inhibitors is to increase the influx of Na. 
Experiments designed to test this directly are summarized in Fig. 7, where the 
influx of “Na into muscles treated with CN and IAA is compared to the “Na 
influx of palred controls. Exposure to the inhibitors is followed by a rapid 
progressive loss of the relative impermeability of the muscle membrane to Na. 

In some of the experiments more than one influx determination was made 
on the same pair of muscles, so that it was possible to compare the rate of Na 
influx at several times after onset of recovery in the same muscle. In each 
control muscle the influx of Na decreased with time during recovery. In 
six out of eight instances the decrease was of the order of 40-50% during the 
75-105 min between the two determinations; in the remaining two the second 


tate of influx was 81 and 94% of the first respectively. By one, mee 
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of the four instances where the same comparison could be made in the muscles 
treated with inhibitors the second influx determination exceeded the first, 
the range being 130-190 % during an interval of 75 min. The divergence in the 
rates of Na influx during the recovery period in the control inhibitor-treated 
muscles is thus a function both of a fall in the control muscles in Na perme- 
ability with time and a rise in the Na permeability of the muscles exposed to 
CN and IAA. 
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Fig. 7. “Na influx into sartorii during recovery at 18°C. Each point represents the influx into 
the muscle treated with 2 mu-CN +5 mm-IAA compared to that of its paired control. 


DISCUSSION 


In the introduction to this paper it was assumed without proof that the net 
Na extrusion during the recovery period occurred against an electrochemical 
gradient. The two most significant parameters of this electrochemical gradient 
are the concentrations of Na in the extracellular and cellular water, and the 
membrane potential. If we make the reasonable but unproven assumption 
that the exchangeable cell Na present at the beginning of recovery is distributed 
uniformly throughout the fibre water, then at all times during the first 2 hr 
of the recovery period in control and inhibitor-treated muscles the extra- 
cellular Na concentration is greater than that in the fibre water. 

Stephenson (1957) has shown that frog sartorii, rendered Na-rich by a 
method similar to that used here, have a membrane potential of approximately 
40 mV, outside-positive-to-inside, within 10 min of the onset of the recovery 
process, and that the membrane potential continues to have the same *!gn 
throughout a 50 min recovery period. Hence the control muscles in the pre- 
sent study extrude Na during recovery against electrical and concentrat on 


gradients of varying magnitude but constant sign, so that work must be done 
during the extrusion. 
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The evidence for the maintenance of the electrical gradient in the inhibitor- 
treated muscles is less direct. In this study the muscles treated with CN 
remained excitable throughout the recovery period, strong evidence for a 
membrane potential of normal sign and at least one-third of normal amplitude. 
Ling & Gerard (1949) have shown that frog sartorii maintain a resting poten- 
tial which is essentially constant for 7 hr following treatment with 5 mm- 
CN. In the same preparation these authors demonstrated that treatment with 
5 mm-IAA plus 5'mm-CN caused a slow decline in the resting potential for a 
period of 2-3 hr, followed by an abrupt drop to a value close to zero. Although 
this preparation is not strictly comparable to the one used here, these findings 
support the belief that an electrical as well as a concentration gradient is main- 
tained for the first 2 hr of recovery in Na-loaded muscles exposed to 2 mm-CN 


plus 5 mm-IAA. 
The redox pump hypothesis 

The experiments on net Na transport in muscles treated with 2 mm-CN 
fail to show any inhibition of this cell function by the CN, a finding at odds 
with the results of Conway & Carey (1956) and Carey et al. (1959). Further, 
it has been demonstrated that Na extrusion can occur in excess of the limiting 
ratio to O, consumption predicted by the redox pump hypothesis. These two 
findings do not exclude an oxidation-reduction reaction as the immediate 
source of energy for Na transport in this preparation, but they do exclude a 
tightly coupled redox system in which O, is the electron acceptor. The un- 
known variable which explains the discrepancy between the results of Conway 
et al. (1959) and those reported here remains obscure. 


Unidirectional Na fluzes 

The combination of inhibitors used in the unidirectional Na flux experi- 
‘ments was chosen to prevent the production of ATP by both respiration and 
glycolysis. Because extrusion of Na during recovery is a relatively rapid 
process and the inhibitors were added at the onset of recovery, the rate of 
development of inhibition by CN and IAA becomes important. 

With respect to the inhibition of respiration by 2 mm-CN, in the experi- 
ments reported here no 0, consumption could be detected during the first 
half-hour period of recovery, a time insufficient to permit the extrusion of 
more than half the Na excess. Stannard (1938) has examined the rate of onset 
of inhibition of glycolysis in whole frog muscle at 23° C as a function of con- 
centration of IAA. The time for 80% inhibition was found to be inversely 
telated to concentration of IAA and was 15 min at 1-08 mm, the highest 
concentration used. Hence we can expect that at 5 mm IAA inhibition of 
glycolysis would be nearly complete within the first half hour of the recovery 
period. 

The state of energy stores within the muscle has not been measured directly 
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in these experiments, and although production of ATP has almost certainly 
been halted by the beginning of the observation period in the poisoned 
muscles, it is not possible to conclude that preformed ATP is exhausted within 
the first 105 min after exposure to CN and IAA. Hsu (1950) was able to demon- 
strate persistence of measurable amounts of ATP in sartorii of frogs and toads 
for more than an hour after exposure to CN and IAA, despite stimulation at a 
rate of 12/min. 

In any event, within 25 min of exposure to CN and IAA, Na efflux from 
Na-loaded muscles is reduced to a value significantly less than that in the 
control muscle, Is there a difference in the mechanism of extrusion between 
the inhibitor-sensitive and inhibitor-insensitive Na effluxes; and if so, can we 
draw any conclusions as to the mechanisms involved? 

In a previous portion of the paper, we have shown that the excess of Na 
extrusion by the control muscle over that from the poisoned muscle, the 
inhibitor-sensitive efflux, is almost adequate to account for the net change 
in the Na content of the control muscle during the period of observation. 
This statement assumes that influx into the control muscle is constant during 
this period, and equal to the value of inhibitor-insensitive efflux at 25 min. 
Actually we know that the influx into the control muscle declines by an aver- 
age of 33°, in five muscles examined in the same portion of the recovery 
period, so that it is possible for the inhibitor-sensitive efflux to account for all 
the net change in muscle Na in the controls. At least this portion of control 
efflux of Na must be an active process, since it involves movement of Na 
against an electrochemical gradient. 

What is the nature of the residual, inhibitor-insensitive efflux of Na? 
This residual efflux from the poisoned muscles remains constant or decreases 
slightly despite a steadily rising concentration of Na in the cell, suggesting 
that if a single mechanism is involved it is saturated at the cell concentrations 
of Na found 25 min after exposure to CN and IAA. Because of this character- 
istic it is a temptation to ascribe the inhibitor-insensitive Na efflux to Na- 
for-Na exchange, or exchange diffusion in the sense that the term has been used 
by Ussing (1947). The existence of such a mechanism has been postulated in 
frog muscles under more nearly normal conditions to account for the fact that 
the measured Na efflux, if all active, would require what seemed in one study 
to be an inordinate fraction of the resting energy output of the muscle (Levi 
& Ussing, 1948). Keynes & Maisel (1954) doubted the conclusiveness of the 
argument as applied to unpoisoned muscles, but admitted that it might prove 
stronger for poisoned muscles. Recent studies on the effect of lithium on the 
Na efflux from freshly dissected frog muscles (Keynes & Swan, 1959a) have, 
however, provided strong support for the exchange diffusion concept. 

This interpretation may be the correct one for the data cited here, but it 
encounters the following objection. Since the excess of the control efflux 
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over the poisoned efflux only just accounts for the net change in cell Na 
observed in the control muscles, it means that there must be little or no 
simple passive inward diffusion of Na during recovery in the control muscles. 
Hence all the observed influx should take place via the exchange diffusion 
mechanism and should be equal to the inhibitor-insensitive Na efflux through- 
out the period of observation. But we have already noted that Na influx 
decreased with time in normal muscles, averaging a 33°%, drop over the same 
period. This decrease exceeds by a considerable margin the average decrease 
in the measured efflux from the poisoned muscles. The small size of the sample 
prevents this from being a critical rebuttal, but it weakens the exchange 
diffusion interpretation. 

It might be argued that the efflux observed in the poisoned muscles repre- 
sents simple passive diffusion. Using a treatment analogous to that of Levi 
& Ussing (1948), and assuming that the observed K concentration ratio at 
25 and 105 min is an approximate representation of the membrane potential 
at these times in muscles treated with inhibitors, it can be shown that the 
passive Na efflux should increase by a factor of 3 or 4 during this period. As 
previously noted, the Na efflux was actually observed to remain constant or 
decline slightly. 

A third interpretation might be that the observed efflux in the poisoned 
muscles represents a summation of a declining active component and a rising 
passive component, the total remaining nearly constant during this portion 
of the recovery period. The present data do not permit of a choice between 
this and the exchange diffusion alternative. 

The rapidity with which Na influx rises in the muscles treated with IAA 
and CN suggests that it results from a direct effect of the inhibitors on the 
membrane rather than being mediated through alterations in glycolysis or 
respiration of the muscle. [AA shows some affinity for 8-H groups and one 
might speculate that these are involved in the maintenance of the membrane’s 
normal relative impermeability to the influx of Na. 


SUMMARY 


1. Exposure to 2 mm-ON fails to alter the rate of net Na extrusion by the 
isolated Na-loaded frog sartorius. 

2. Simultaneous measurements of 0, consumption and Na extrusion in 
Na-loaded sartorii treated with 2 mm-CN demonstrate Na transport in excess 
of that predicted by a redox pump hypothest 

3. Measurements of unidirectional Na fluxes in Na-loaded frog sartorii 
show an increase in influx and decrease in efflux of the muscles treated 
with 2 mm-CN and 5 mm-IAA as compared with paired controls. Possible 
mechanisms of Na extrusion in this preparation are discussed. 
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THE ULTRA-VIOLET DICHROISM OF LIVING 
FROG’S MUSCLE 


By D. K. HILL 


From the Postgraduate Medical School of London, Hammersmith Hospital, 
London, W. 12 


(Received 20 April 1959) 


In frog’s muscle there is very little true absorption of light in the visible 
spectrum and in the near-ultra-violet. Below 3100 A absorption increases 
rapidly, and a relatively thick muscle such as the sartorius of the frog soon 
becomes extremely dense. By 2950 A a sartorius absorbs some 99% of light 
incident on it, and this is about the limit for measurement with such a muscle. 
At shorter wave-lengths a thinner preparation is needed. Caspersson & Thorell 
(1942) recorded the ultra-violet absorption spectrum of a single muscle fibre of 
the insect Drosophila funebris; the optical density of such a preparation does 
not become too great until the wave-length is down to about 2400 A. A whole 
muscle suitable for working in the same range of wave-lengths is to be found in 
the sternocutaneus muscle of the frog. It is only two or three fibres thick. It 
can be isolated and mounted for optical experiments (Hill, 1953). 

The use of polarized ultra-violet light opens up the possibility of finding out 
something about the orientation of the components of muscle which absorb 
radiation at wave-lengths between 2400 and 3000 A, namely, certain of the 
amino-acid side chains, the acid-soluble adenine nucleotides and the nucleo- 
tide elements of the nucleic acid. If the plane of polarization lies parallel with 
the part of the molecule which absorbs the light the absorption is at a maxi- 
mum, and falls to a minimum at right angles. The ratio gives a measure of the 
dichroism of the specimen. 

The state of nucleotide in living muscle. Most of the acid-soluble adenine 
nucleotide is rapidly removed from muscle when it is killed by immersion in 
water (Hill, 1959) or in 50% glycerol, and its attachment to elements of the 
muscle fabric is not likely to be a strong one. The possibility that this fraction 
of the nucleotide is aggregated or bound in particular regions of the sarcomere 
of the living muscle is considered elsewhere (Hill, 1959). The other fraction of 
the acid-soluble nucleotide is not so readily extractable from the dead muscle, 
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for Perry (1952a) has shown that isolated myofibrils of rabbit muscle bind 
acid-soluble nucleotide to the extent of about 10% of the amount im living 
muscle, and this fraction is so firmly held that it is not removed by prolonged 
washing at pH 7-1. In frog’s muscle this fraction appears to be about 5-10% of 
the whole (Hill, 1959). 

The third type of nucleotide to be considered is the non-acid-soluble frac- 
tion, which forms part of the nucleic acid of muscle (Perry, 19526, 1953; Perry 
& Zydowo, 1959). Some of the nucleic acid is presumably located in the sarco- 
plasmic granules, but there is also an appreciable amount of ribosenucleic acid 
(RNA) in the myofibrils. The total, expressed in terms of the adenine base 
content, is in the region of 5-10°% of the total in living frog’s muscle (Hill, 
1959). After taking account of the other purine and pyrimidine bases of RNA 
it can be calculated that the peak absorption by the nucleic acid is 6-12 % of 
that due to the whole of the adenine nucleotide. (The absorption spectra of 
RNA and of adenine nucleotide have maxima at practically identical wave- 
lengths, though the guanine in the nucleic acid gives a slightly different spec- 
trum at longer wave-lengths.) If nucleotide is bound, it may also be oriented 
with respect to the fibre axis and hence may impart dichroism to the muscle. 

Form dichroism. In interpreting the results allowance has to be made for 
form dichroism. This occurs because an optically anisotropic material scatters 
and diffracts light to an extent which depends on the direction of the plane of 
polarization. The form dichroism due to scattering by elongated particles has 
a positive sign. Diffraction by the striations also gives rise to an element of 
positive form dichroism. The importance of form dichroism depends upon the 
aperture of the recording system. If the aperture is narrow, most of the light 
which is scattered and diffracted is lost, and the form dichroism will then be 
high. With a wide aperture the form dichroism is smaller in amount. 

Definition of dichroism. Dichroism, D, is defined in accordance with accepted 
procedure as the difference between the optical densities for light polarized 


in the two principal directions. D is taken as positive when the density for 


light polarized parallel with the fibre axis is higher than the density for polari- 
zation at right angles to this axis. 


Earlier work on the dichroism of protein, nucleic acids and nucleoprotein 

Seeds (1953) has reviewed the subject of polarized ultra-violet microspectrography of crystals 
and of oriented systems of biological interest. Perutz, Jope & Barer (1950) investigated the ultra- 
violet dichroism of certain fibrous proteins of the a-keratin type; these included a fixed section of 
muscle. No significant dichroism was found. They showed, however, that crystalline methaemo- 
globin exhibits dichroism in the ultra-violet; it has a negative sign when referred to the crystal!o 
graphic axis corresponding to the direction of the polypeptide chains. Thus the flat sides of the 
aromatic rings appear to be normal to the chain direction. The X-ray data show that the chain 
configuration in haemoglobin is similar to that of the fibrous proteins of the a-keratin type, such a 
those of muscle, so the comparison may be apt in the present context. 
Nucleic acids and nucleoproteins are especially suitable for investigation by polarized ultra. 
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violet light, owing to the ease with which they can be oriented. The nature of the dichroism is well 
established in some cases. 

Dichroism of nucleic acids. The subject is reviewed by Beaven, Holiday & Johnson (1955). The 
configurational structure of deoxyribonucleic acids (DN A) has been discussed by Astbury (1947), 
Watson & Crick (1953), Wilkins, Stokes & Wilson (1953) and by Franklin & Gosling (1953). The 
planes of the nucleotide molecules are arranged transversely with respect to the axis of the 
molecule. So, as would be expected, oriented films of thymus DNA show negative dichroism in the 
ultra-violet. 

Apart from that contained in the nuclei, the nucleic acid of muscle is RNA not DNA. The 
structure of RNA is still unknown, so predictions concerning the orientation of its purine bases in 
relation to the molecular axis have to be made on the basis of what is known about DNA. 

Dichroism of nucleoprotein. The nucleoprotein tobacco mosaic virus, consisting of 5°%% RNA and 
95% protein, shows dichroism when it is oriented by shearing the gel (Perutz et al. 1950; Seeds & 
Wilkins, 1950). The dichroism shows two maxima, one at the absorption peak of tryptophan 
(2780 A) and one at the peak for RNA (2580 A). The dichroism at both wave-lengths is positive 
with respect to the direction of shear, but is actually negative with respect to the molecular axis, 
for it has been shown (Fraser, 1952) that the chain axis of the polypeptide is perpendicular to the 
axis of the rod-like particles, which lie along the direction of shear. 

The *N-protein’ of striated muscle, as described by Matoltsy & Gerendas (1947a, b) and by 
Gerendas & Matoltsy (1947), is a nucleoprotein which gives positive form bi-refringence and 
negative intrinsic bi-refringence with respect to the fibre length, and after extraction shows 
negative flow bi-refringence. It is therefore aggregated in rod-like particles, in the same way as is 
tobacco mosaic virus, and it would be expected to possess positive dichroism with respect to the 
muscle-fibre axis. 

The DNA nucleoprotein from thymus, when oriented in a film, shows strong negative dichroism 
(Seeds & Wilkins, 1950); fibres of DNA nucleoprotein from sputum have also been found by White 
& Elmes (1958) to possess negative dichroism. It must be concluded that in these varieties of 
nucleoprotein the molecules are not built up in transverse manner into rod-like particles, and that 
the orientation with respect to the molecular axis is the same as in the RNA-protein. 


METHODS 


Monochromator. A simple form of monochromator was constructed, using crystal quartz 
components. The source was a hydrogen arc (Flood-Hilger, HF 3) run on stabilized direct current. 
The calculated band-width was 70 A at 2500 A, 114 A at 3000 A, and 214 A at 3500 A. 

Absorption spectrum in unpolarized light. The experiments were mainly concerned with the 
dichroism of the muscle, but it was desirable also to record the ordinary absorption spectrum. The 
muscle was mounted in Ringer’s solution by the method used in other experiments (Hill, 1953), 
with quartz windows to pass the ultra-violet light. 

Polarizer. A polarizing film of Congo-red in polyvinyl alcohol (developed by Dr R. Barer) was 
found to be more suitable than a conventional polarizing prism. Refraction in a prism results in 
the polarized beam being displaced off the line of the incident beam, and this displacement may 
vary appreciably when the prism is rotated; with the method used here this may cause trouble. 
The polarizing power of the film was measured at a series of points in the spectrum with the aid of 
@ Glan-Thompson prism. 

Measurement of dichroism. There is a proportion of polarized light in the output from the 
monochromator. In passing through the crystal quartz components this polarized light undergoes 
rotation by an amount which is dependent on the wave-length. It can be shown that this may 
resul* in serious errors in the measurement of small amounts of dichroism if the test object is held 
stationary and the polarizer is rotated. The errors occur at wave-lengths where the absorption is 
chanzing rapidly. It is therefore necessary to rotate the muscle. But since the muscle is not of 
uniform thickness, it is necessary to obviate the difficulty of ensuring that the same part of the 
music remains in the beam when it is rotated. This is done by rotating the polarizer as well as the 
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muscle. The following procedure was used. The muscle was rotated so that its fibres were either 
vertical (A), or horizontal (B). The plane of polarization could be changed from the vertical (\/) 
to the horizontal (H) direction. The intensity (J) of the transmitted light was measured for A and 
V, Band V, Band H and for A and H. Dichroism is then given by 


Fig. 


4 lets Ipy 


1. Details of the polarizer, muscle turn-table and photomultiplier. On the right, the exit slit 
(8) of the monochromator, the Congo-red polarizer (P), the turn-table (T7'), and the photo- 
multiplier (C) are shown in vertical section. The polarizer is shown separately at Q; it consists 
of two pieces of Congo-red film, with their axes vertical and horizontal, held between two 
quartz microscope slides. The polarizer can be raised and lowered to bring either piece of film 
into the line of the beam. The turn-table (seen also at U) is fixed to a ball-race which is held 
on a block B. The polarized beam of light emerges through a hole, 2 mm diam, in the centre of 
the turn-table. A quartz cover-glass is sealed over the front of the hole, and the muscle (U) 
is held down with cotton and ‘ Plasticine’ over the hole. The slots at the periphery of the disk 
are engaged by the stop, A. The exit slit and the muscle are separated by 10 cm, to allow the 
diverging beam to fill the aperture in the turn-table. The photomultiplier has an end-on 
cathode, 1 cm diam, shown at K and L. For clarity the photo-cathode is shown displaced 


from the muscle by a greater distance than is necessary. The gap can be reduced to about 
5 mm. 


Photomultiplier. The quartz-window photomultiplier (E.M.I. 6256) has an end-on photocathode, 
1 cm diam. It has a considerably greater effective aperture than is available in the valve-shaped 
type of cell, such as the Mazda 27M3. When the photocell is placed as close as possible to the 
muscle, the cone of light which is received has a half angle of about 45°. Form dichroism is thus 
reduced to a minimum. The photomultiplier output was recorded without amplification on « 
mirror galvanometer. 

Correction of results to allow for incomplete polarization. The Congo-red film gives only partially 
polarized light; the value of D, as measured, was therefore less than the true value, and a correc- 
tion factor was applied. This factor was calculated with the aid of a set of values, measured 
throughout the relevant part of the spectrum, of the ratio of the intensity of light transmitted when 
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the polarizing axes of the film and of a Glan-Thompson prism were parallel, and the intensity for 
the axes ot right angles. This ratio varied between 6 and & in the range of wave-length from 2800 A 
to 3500 A. 


RESULTS 
Ultra-violet absorption spectrum of muscle 
The absorption spectrum of a sternocutaneus muscle in unpolarized light is 
shown in Fig. 2. It is similar to Caspersson & Thorell’s (1942) curve for a single 


insect fibre. It may be regarded as made up of two parts, one of these being 
due to the protein and the other to the adenine nucleotide (Fig. 3). The 


protein absorption is largely due to the amino acids tyrosine and tryptophan 


233 24 25 26 27 2829 «31 35 
Wave-length (A x 107?) 
Fig. 2. Absorption spectrum of sternocutaneus muscle. The optical density is the value of 
log,» (1/1), where I, is the incident intensity and J the transmitted intensity of the beam. 


(Beaven & Holiday, 1952). The dual nature of the curve was confirmed by 
measuring the absorption after the greater part of the adenine nucleotide had 
been extracted from the muscle by treatment with glycerol (Fig. 4). The 
extraction must not be too prolonged, or the picture becomes confused owing 
to tae loss of soluble protein; a number of experiments were done to find out 
how rapidly this occurs. The loss of protein is a very slow process in unbuffered 
solution, or in 5 mm phosphate buffer at pH 6. The rate of loss of protein is 
greatly accelerated by extracting in borate buffer at pH 10. Even at pH 7-2 


x 
uf 
i 
16 
12 
i 
210 
08 
06 


D. K. HILL 


> 

B 
D 


2400 2500 2600 2700 2800 2900 3000 
Wave-length (A) 


Fig. 3. Absorption spectra of actomyosin, A, and adenosine triphosphate, B (after Tarver & 
Morales, 1951), scaled to give the relative magnitudes approximately the same as those 
assumed by Caspersson & Thorell (1942). The optical addition is shown at C, and corresponds 
to the absorption curve of normal muscle. The difference between A and B is shown at D. 
Ordinate, arbitrary units. 
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2400 2500 2600 2700 2800 3000 =: 3200 


Wave-length (A) 
Fig. 4. The absorption spectra of the sternocutaneus muscle before and after extraction wi‘) 


glycerol. A, normal; B, after 20 hr in 50% glycerol-Ringer, followed by return to Ring: « 8 
solution. C is the difference between A and B. 
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protein is lost quite rapidly in a water solution, but it was found that the 
presence of 50% glycerol practically prevented its extraction at this pH. The 
muscle of Fig. 4 was soaked for 20 hr in the glycerol, but other experiments 
have shown that the change is practically complete as soon as observations can 
be made after immersion, and certainly in less than 1 hr. 

The nucleic acid would not be removed by soaking the muscle in a neutral 
glycerol mixture. It has been estimated (p. 380) that the peak absorption of RNA 
in frog’s muscle is 6-12°, of that due to the whole of the adenine nucleotide. 
This increment must be contributing to the protein to make up curve B of 
Fig. 4, though it is not sufficient in amount to alter its form appreciably from 
that which is typical of pure muscle protein. 

Part of the acid-soluble nucleotide is not readily extracted at neutral pH in 
aqueous solution, but there is evidence (to be published later) that 50% 
glycerol at pH 7-4 does cause its release. If this is true also in unbuffered solu- 
tion, which was used in these experiments, then nucleic acid nucleotide alone 
makes up the remainder in the extracted muscle. Unfortunately, when these 
experiments were done further tests were not made to record the effect of acid 
extraction of a muscle which had previously been extracted only with water, so 
it is not possible with any certainty to attribute the dichroism which remains in 
the glycerol-extracted muscle specifically to one of the two possible forms of 
bound nucleotide. 

Dichroism of normal muscle 

The recorded curve of dichroism (Fig. 5) is always of the same general form, 
but with some variation in detail. At wave-lengths greater than those at which 
muscle shows true absorption, there is form dichroism varying in amount from 
0-005-0-03. The protein starts to show absorption at 3100 A, and it is seen that 
at that point the dichroism begins to rise. At 2800 A there is an abrupt reversal, 
followed by a trough at 2550 A. This second phase must be caused by a negative 
element, for in some records (Figs. 5, 6) the curve passes below the base line. 
When, as in Fig. 3, the absorption curve for the nucleotide is subtracted from 
that for protein, the difference curve so derived shows a similarity to the di- 
chroism record. This seems to be the only way of interpreting the results; it 
indicates that there is positive dichroism due to the tyrosine and tryptophan 
side chains of the protein, combined with negative dichroism due to nucleotide. 
The proportion of these two components is variable. 

The dichroism represents only a small difference in the over-all absorption 
for light polarized in the two principal directions. There are two essentially dif- 
ferent ways of interpreting the results. One can suppose either that a certain 
small proportion of the absorbing groups are completely oriented, or alterna- 
tively that the dichroism represents the combined effect of the partial orienta- 
tion of a larger fraction of the whole. There is no way, with the present method, 
of deciding between these two possibilities. However, for the sake of creating a 
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basis for discussion it is assumed that the dichroism is caused by complete 
orientation of a small fraction, with the remainder of the absorbing groups 
taking up no preferred position in relation to the muscle axis, A quantitative 
estimate of this fraction may then be made on the following lines. The nucleo- 
tide shows little absorption until the wave-length falls below 2800 A, and the 
dichroism developed between 3100 and 2800 A is therefore due to protein 
alone. The lowest curve of Fig. 5 shows dichroism of 0-008 at 3100 A, and 
0-025 at 2800 A; thus at the latter wave-length the optical density difference 
for the protein is 0-017. At this wave-length the density of the muscle (Fig. 2) 
may be taken as 0-65, of which about 0-2 is due to scattering and diffraction. 


24 25 26 272829 31 35 
Wave-length (A x 10-2) 
Fig. 5. Dichroism of normal muscle. The three examples cover the range of variability 
that has been encountered. 


The density of the protein is therefore 0-45, of which 0-017 is 4%. In other 
words, about 4°%, of the tyrosine and tryptophan side chains may be regarded 
as completely oriented in this instance. The upper curve of Fig. 5 gives a value 
of 7% orientation. 


The calculation for the nucleotide is done by making use of the fact that the | 


absorption by protein is about the same at 2900 A as it is at 2550 A, the latter 
wave-length nearly coinciding with the peak absorption of the nucleotide. 
Proceeding on similar lines as for the calculation of the protein orientation, tlic 
lower curve of Fig. 5 gives a density difference of 0-022 at 2500 A. The density 
of the extractable nucleotide alone is about 0-3 at this wave-length (Fig. 4). 
Thus the oriented fraction in this instance is 7% of the extractable fraction, ©: 
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about 6 % of the total. This is the highest value that has been found. The upper 
curve of Fig. 5 apparently shows positive nucleotide dichroism, for the value is 
higher at 2550 A than at 2900 A. It is difficult to say whether this truly 
represents a reversal, for it is possible that a rapidly rising form dichroism 
may sufficiently distort the picture to give this effect; this point is discussed 
later. It is not so uncommon to find a negative phase reduced practically to 
zero, and although it may be doubtful whether this phase ever reverses, it 
seems likely that the amount of orientation may vary down to vanishing point. 
It was impossible to find any definite clue to the cause of the variability, 
though there is some indication that the muscle from a fresh, lively frog 


possesses the larger negative phase. 


Dichroism of glycerol-extracted muscle 

The dichroism of a muscle extracted in glycerol is rather greater than that of 
the living muscle (Fig. 6). The greatest value found would be caused by full 
orientation of 9% of the total nucleotide present before extraction, if it is 
assumed that the density of the latter is 0-3. It is not certain whether this 
oriented nucleotide is part of the nucleic acid, or is the fraction of acid-soluble 
nucleotide which may not have been extracted by the glycerol. 

The muscle in glycerol exhibits almost negligible form dichroism. When it is 
returned to Ringer’s solution it becomes more opaque than usual, and shows a 
greater form dichroism than before. The true dichroism is now increased to a 
level above the pre-extraction value; this does not necessarily mean that there 
has been an increase of orientation, because the action of glycerol on a muscle 
not rendered inexcitable before immersion is to cause a certain amount of 
shortening and thickening, and an increase of dichroism would result for that 
reason alone. 

There is an increase in the positive phase, and a decrease in the negative one, 
as a result of the muscle being returned to Ringer’s solution. This change is 
probably caused by form dichroism, which reappears when the muscle is 
returned to a medium of lower refractive index. If the form dichroism 
increases more rapidly at shorter wave-lengths than it appears to do at wave- 
lengths above the absorption range, the change in the shape of the curve would 
be explained. It has been suggested that this may account for the apparent 
reversal of the nucleotide dichroism described above. 

The records in Fig. 6 show that the amount of absorption dichroism is rela- 
tively constant in comparison with the form dichroism. It follows therefore 
that the part assumed to be absorption dichroism cannot be attributed to an 
anomalous variation in form dichroism over the wave-length range in question. 

The only other possible artifact which should be considered is that which 
might be caused by fluorescence. It can be shown that at high optical densities 


fluorescence can give rise to gross errors in the measurement of density values, 
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particularly on the short wave-length side of a rapid rise in density. When there 
is absorption dichroism, fluorescence will reduce the recorded value of the 
dichroism at wave-lengths where the optical density of the muscle increases, 
and this effect will be most marked as the peak absorption is approached; 
which happens to be at the wave-length where the peak of dichroism is recorded 
and the decline towards shorter wave-lengths is seen to start. This point has 
not been investigated in detail, because two considerations make it unlikely 


003 


24 25 27229 (35 
Wave-length (A x 10-2) 


Fig. 6. The effect of glycerol extraction on the dichroism of muscle. @, normal muscle; ©, muscle 
extracted with 50% glycerol-Ringer for 60 min—the record was taken with the muscle still 
in the glycerol mixture; @, the extracted muscle 75 min after being returned to Ringer's 
solution. 


that it is a source of confusion. First, fluorescence could never reverse the sign 
of the recorded value; it could only reduce the peak value of the dichroism and 
perhaps exaggerate the fall on the short wave-length side. Secondly, the reduc- 
tion in optical density resulting from glycerol extraction of a muscle should 
lead to a lessening of the magnitude of a fluorescence artifact; in fact, the size 
of the second phase is, if anything, increased by this procedure. 
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Dichroism of dried muscle 
Dichroism vanishes completely when the muscle is dehydrated by exposure 
to the air (Fig. 7). After water is restored the dichroism reappears, and is then 
‘rather greater than before. Form dichroism is reduced, though not abolished 
by drying the muscle. Some of the form dichroism presumably comes from 
scattering of light by the larger cylindrical elements of the muscle (the fibres 
and fibrils), and these will not be greatly altered in shape by drying. When the 


25 26 272829 35 
Wave-length (A x 10~?) 
Fig. 7. The effect of dehydrating the muscle. @, normal muscle; ©, record taken 20 hr later, after 
the muscle had dried up by exposure to the air; @, record for the rehydrated muscle; 
Ringer’s solution had been restored 2 hr earlier. 


muscle loses its water, and hydrogen bonds are broken, it seems that on the 
molecular level the organized system becomes disordered ; true dichroism then 
vanishes. 

The absence of water from their preparations might perhaps account for the 
failure of Perutz et al. (1950) to detect any dichroism in the various types of 
fibrous proteins which they tested. Seeds & Wilkins (1950) found that the 
dichroism of a thin, dried and stretched sheet of thymus nucleic acid was very 
much increased by exposure of the specimen to water vapour. 


DISCUSSION 
The ultra-violet dichroism of living muscle is small in amount; it would be 
produced by perfect orientation of about 5% of the amino acid side chains, 
and of 6% or less of the nucleotide elements. The distinction between full 
orientation of a small fraction, and partial orientation of a larger fraction of 


the absorbing groups is clearly of much interest. The introduction of the con- 
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cept of an ‘orientation factor’, as developed by Preston & Tsien (1950), might 


be useful in any further study of the problem. The present results are not 
sufficient to make a more detailed analysis possible. The argument involving 


full orientation of a small fraction has been chosen, in preference to the other — 


alternative, in view of what happens when the greater part of the nucleotide is 
extracted from the living muscle. The result of such extraction is, if anything, 
to increase the dichroism; this suggests, though it does not prove, that the 
nucleotide which is extracted has no preferred state of orientation in the living 
muscle. The same argument does not, however, apply to the amino acid 
dichroism. 

Bearing in mind the above proviso regarding the interpretation of the results, 
it appears that more than 90 % of the nucleotide of living muscle is not oriented. 
This is one further piece of evidence concerning the state of the acid-soluble 
nucleotide, and weighs against any possibility that the nucleotide is bound, in 
the physico-chemical sense, to some oriented component of the muscle. The 
absence of orientation suggests that the adenine nucleotide is freely mobile at 
least within its own sphere (for instance, within a sarcoplasmic vesicle), if not 
within the fibre as a whole. 

On the same grounds it may be argued that up to 6% of the nucleotide is 
oriented. The identity of this fraction has not been established. The experi- 
ments have shown that it is not removed by glycerol-water extraction, but 
since 5-10 % of the acid-soluble nucleotide may be bound against extraction at 
neutral pH, this fraction as well as the nucleic acid must be considered as a 
possible source of the dichroism ; either alone would be sufficient to account for 
it. 

The sign of the nucleotide dichroism is negative. Nucleic acid and nucleo- 
protein both possess negative dichroism. If nucleic acid is the source of the 
dichroism the molecules in question therefore probably lie parallel with the 
axis of the muscle. It was suggested above that the nucleoprotein described 
by Matoltsy & Gerendas (19474, b) should exhibit positive nucleotide dichro- 
ism, so it is unlikely to be responsible for the dichroism actually recorded. 

The amino acid dichroism is of positive sign. Both methaemoglobin and 
nucleoprotein possess negative dichroism when referred to the direction of the 
polypeptide chains. In the muscle the molecules with the dichroic groups are 
therefore likely to be situated perpendicular to the fibre axis. 

A question which should be asked is whether there is any change in the 
amount of dichroism as the result of stimulating the muscle, or from changes 
in its length and tension. Experiments were done in an attempt to get informa- 
tion on these points, but no definite conclusion could be reached. The main 
obstacle was to allow for changes in thickness of the muscle. It was clear 
enough that no major changes in the dichroism occur as the result of stimula- 
tion, though minor ones could not be excluded. 
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SUMMARY 


1. The ultra-violet absorption spectrum of a frog’s sternocutaneus muscle 
was recorded in unpolarized light at wave-lengths down to 2350 A. The absorp- 
tion is attributable to a combination of protein with adenine nucleotide. 

2. In polarized light it was shown that the muscle possesses ultra-violet 
dichroism. There is an element of positive dichroism due to the aromatic 
amino acids, together with an element of negativity attributable to the 
nucleotide. The dichroism is small; it would be produced by perfect orientation 
of less than 10% of the absorbing groups. 

3. The dichroism was not changed when the greater part of the acid-soluble 
nucleotide was extracted by immersing the muscle in 50% glycerol. 

4. The nucleotide dichroism is attributable either to the strongly bound 
fraction of the acid-soluble nucleotide, or to the nucleic acid nucleotide. 

5. It was not possible to determine the effect of stimulating the muscle, 
though it was clear that no major changes of dichroism occur. 


I am indebted to Dr 8. V. Perry for helpful discussion during the preparation of the paper, and 
to Dr R. Barer for kindly giving me the polarizing film and prism. I have had valuable assistance 
throughout from Mr J. Gilbert. 
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EXTRAVASCULAR FLUID LOSSES IN THE PERFUSED 
ISOLATED RABBIT HEART 


_ By J. STUBBS* ann W. F. WIDDAS 
From the Department of Physiology, King’s College, London, W.C. 2 


(Received 22 April 1959) 


The isolated heart perfused via the coronary arteries (Langendorff, 1895) has 
been extensively studied in regard to its responses to drugs or to changes in the 
ionic composition of the perfusing fluid. The weight of the perfused heart has 
been studied in the present work to see if the permeability of the myocardium 
to non-electrolytes could be measured. It was hoped that the addition of non- 
electrolytes to the perfusing fluid would induce an osmotic loss of water, and 
hence a reduction in weight, and that, as the non-electrolyte penetrated the 
interstitial spaces and muscle cells, this initial phase would be followed by a 
regain in weight. The time course of the ‘osmotic transient’ would be an indica- 
tion of the rate of penetration of the non-electrolyte. The use of osmotic 
transients for determining capillary penetration rates in the perfused hind 
limb has been described by Pappenheimer & Soto-Rivera (1948), but in that 
study the weight of the perfused limb was maintained constant by varying the 
perfusion pressures. 

The early experiments showed that osmotic transients in ‘the beating 
perfused heart produced effects on the force of contraction and heart rate, and 
supplementary experiments showed that these factors could bring about 
changes in weight even when the perfusion fluid was of constant osmolarity. 
Stimulation of the heart by adrenaline, for instance, is associated with a change 
in weight, and a preliminary account of such experiments has already been 
reported (Stubbs & Widdas, 1958). 

This paper describes further investigations into loss of weight produced by 
adrenaline and by excess calcium ions, which are shown to be due to a loss of 
extravascular fluid. In a further paper are described the variations in coronary 
flow which accompany changes in weight (Stubbs & Widdas, 1959). 


* Present address: Surgical Unit, St George’s Hospital, London, 8.W. 1. 
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METHODS 


The hearts used weighed 5-20 g and were from rabbits of either sex. The apparatus used 
for weighing the perfused heart and recording the ballistic effect of its beat was essentially 
that already described (Widdas, 1957), but a number of minor modifications were found 
desirable. The most important of these was the use of a long-stemmed T-shaped cannula 
instead of the L-shaped cannula previously described. One end of the cross-piece was shaped to 
take the aorta while the other was drawn out into a fine tube and turned over as the hook to 
suspend the cannula from the weighing apparatus. The fine tube was continued in polythene along 
the stem, and ‘bleeding’ at a small constant rate was allowed. Thus gas bubbles forming in the 
cannula were able to escape without passing into the coronary arteries. Large polythene cannulae 
were inserted into both ventricles near the apex of the heart to drain the cavities. 


0-18 0-26 0-38 0-34 
mi./sec 


Fig. 1. Tracing from double channel recorder. Upper record shows the ‘ ballistic’ effect which is an 
indication of the force of contraction. Lower record shows the rate of increase of contents of 
buckets used to measure the coronary outflow. The outflow is obtained from the slope of the 
lines. The record illustrates the effect of adrenaline on heart rate, ballistic response and 
coronary outflow. 


In experiments in which hearts were perfused with Locke’s solution containing dye, the outflow 
was either collected in sampling tubes and its dye concentration measured in an EEL colorimeter, 
or was passed through a constant-bore tube in a block mounting between a barrier-layer photo- 
cell and a light source. Another tube in front of a second barrier-layer photocell was illuminated 
by the same light source and served as a reference. The differential output from the photocells was 
amplified and recorded on a pen recorder, so that the dye concentration was being monitored 
continuously. 

The coronary outflow was measured by weighing the outflow as it collected in one side of a 
double celluloid bucket supported by a spring-loaded arm. When one side bucket was full, it auto- 
matically emptied and as the spring-loaded arm returned to the original position, the other bucket 
came under the outflow tube. The supporting arm was linked to a linear potentiometer and the 
change in weight was electrically recorded by a pen-writing voltmeter. A trace of the ‘ ballisto- 
gram’ and coronary flow recording is shown in Fig. 1. In a few experiments, coronary flow was 
measured by a drop recorder. 


Each litre of perfusing fluid (Locke’s solution) contained Na* 155-8, K+ 5-7, Ca*+ 4-1, Cl- 163-8, 
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HCO; 1-8 (m-equiv) and glucose 5-6 (m-mole). The solution was aerated with oxygen. In some 
experiments Na lactate was used instead of glucose. The dye experiments were carried out with 
either Evans Blue (T1824) 25 mg/l., or washed rabbit erythrocytes (10 ml. packed cells/1.). 


RESULTS 
Adrenaline stimulation 
When about 1-5yg adrenaline/g heart was injected into the Locke’s solution 
near the cannula, the average weight of the heart rapidly reduced by about 
5-10%. At the same time the increase in rate and force of contraction gave a 
ballistic response of increased magnitude which could be observed on the fast 
response recorder (Fig. 1). A typical result from the slow pen recorder, which 
gives the average change in weight, is shown in Fig. 2. 


0-5 g 


1 min 


1 


Fig. 2. Effect of adrenaline on the average weight of the heart. A typical tracing of the slow pen 
recorder (0-5 sec time constant) where the ballistic excursions are heavily damped but the 
sensitivity to change in weight is increased. Heart weight 5-5 g. ' 


The coronary outflow, at first unchanged or reduced, showed an increase 
which persisted for some time after the increased ballistic effect had subsided 
and the heart had returned to its previous average weight. The coronary flow 
results agreed with those observed by Hammouda & Kinosita (1926). 

The increased coronary outflow is not consistent with a reduction in the 
coronary vascular bed, and the most likely cause of the loss in weight (a reduc- 
tion of the end-systolic volume of fluid in the ventricles) had been eliminated by 
draining the cavities with polythene cannulae which remained in stu during 
the experiment. As a heart stimulated by adrenaline still lost weight when the 
apex had been removed to expose the ventricular cavities directly, it was 
deduced that extravascular fluid must be involved in the loss (Stubbs et al. 
1958). 
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As the physiological interpretation of the loss in weight would be funda- 
mentally influenced by the source (intravascular or extravascular) of the fluid 
lost, it seemed desirable to investigate the loss by an independent method. 
Perfusion with Locke’s solution containing Evans Blue dye was therefore 
carried out and the outflow from the heart monitored colorimetrically. 

Stimulation by adrenaline, which produced a loss of weight, caused a drop in 
dye concentration quantitatively in keeping with its dilution by extravascular 
fluid of comparable mass to the loss of weight. Essentially similar results were 
obtained when washed rabbit red cells were added to the Locke’s solution and 
used as a colorimetric label. 


Weight change 
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Fig. 3. Simultaneous tracings of the average weight change of the heart and colorimetric monitor- 
ing of the coronary effluent, showing loss in weight and corresponding dilution of effluent 
after injection of 104g adrenaline. Mean coronary flow 0-56 ml./sec; calculated extravascular 
fluid loss 0-67 ml. over 2 min; heart weight 20 g. 


The result of a typical experiment with washed red cells is shown in Fig. 3. 
Adrenaline stimulation classically affects the rate (chronotropic effect) and the 
force of contraction (inotropic effect). Either could conceivably play a part in 
producing the weight loss. To investigate the effect of rate on the weight of the 
heart, experiments were carried out in which the heart was stimulated electri- 
cally at speeds up to and beyond those attained with adrenaline stimulation. 
No significant loss in weight was produced, but there were modest changes in 
coronary flow. The resuits are summarized in Fig. 4. 


Stimulation by excess Ca ions 
Perfusion with Locke’s solution containing excess Ca*+ ions sufficient to 
cause a rigor caused a loss of the order of 10-25% of the weight of the heart. 
The result of an experiment in which the outflow was collected and the dye 
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concentration determined with the EEL colorimeter is shown in Fig. 5. 
Calculated either on the basis of weight loss or on the dilution of the effluent, the 
maximum rate of loss of extravascular fluid attained during such experiments 
was 0-01 g/sec/g heart. This is a greater rate of loss of extravascular fluid than 
is seen under any other experimental conditions, and suggests that the 
operating factor is the great and prolonged force of contraction of the heart in 
rigor (see also, Stubbs & Widdas, 1959, Fig. 5). 
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Fig. 4. Effect of electrical stimulation on coronary flow and weight of the heart. Between the 
arrows the rate per minute was increased slowly over the range shown. 


To make a comparison of effects due to adrenaline and to excess Ca** ions 
the e.c.g. was recorded during experiments similar to those described above. 
Adrenaline in the early part of its effect appeared to prolong the period of 
systole as measured by the Q-T interval relative to a complete cycle. The 
results could be interpreted as an encroachment of systole on diastole. In the 
calcium experiment, however, the Q—T interval shortened in the early stages, 
although a pronounced loss in weight occurred. Just before the regular phasic 
activity was lost (during the rigor) there were typically a few bursts of repeti- 
tive discharges associated with a faster rate of weight loss. The measurements 
of the Q-T intervals as a fraction of each cycle are illustrated in Fig. 6, but it 
is doubtful if any firm conclusions can be drawn from these results, for it is 
known that the duration of contraction is not necessarily defined by the 
electrical changes (Wiggers & Banus, 1926; see also, the review by Katz, 
1947). 
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Fig. 5. Effect of calcium rigor on weight and concentration of Evans Blue dye in effluent from the 
heart. In this experiment samples were collected and estimated in the EEL colorimeter. 


Extra-systoles 


Sudden losses in weight of a smaller magnitude were occasionally observed 
in a perfused heart not undergoing any experimental procedure. These were 
associated with a double beat or extra-systole which could be identified on the 
ballistic record. In one heart, perfused with Locke’s solution containing washed 
rabbit red cells, such extra-systoles occurred at fairly regular intervals. Each 
was associated with a small but just significant reduction in colour of the 
effluent, showing the extra-vascular nature of the fluid lost. 

Part of the record from this experiment is shown in Fig. 7. The observation is 
of interest because it suggests that extra-systoles could be beneficial in redu- 
cing the interstitial fluid in a heart tending toward oedema. Since the extra- 
systole is presumably. no more powerful than the preceding normal beat this 
also indicates that a contraction taking place when the fibres of the cardiac 
muscle are already shortened is more likely to expel interstitial fluid from the 
extravascular space than is a normal beat. The beat next after an extra-systole 
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is known to be stronger (Abbott & Mommaerts, 1959), but an inspection of the 
fast pen record has shown that the weight is lost before the compensatory 


pause and not immediately after it. 
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Fig. 6. Effect of adrenaline and of calcium on the Q-T interval of the e.c.g. during the 
periods of loss in weight. 
Lowering perfusion pressure 


When the perfusion is temporarily stopped there is a loss in weight, as 
might be expected from a partial emptying of the coronary vascular bed. 
Extravascular fluid is shown to be lost, however, by a dilution of the first 
effluent to be collected when the perfusion is restarted. This demonstrates that 
normal systoles are able to expel interstitial fluid and that the loss must ordi- 
narily be masked by a filtration, outward from the capillaries, of new inter- 
stitial fluid when the perfusion pressure is adequate. 
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Weight change 


a Ca?+ 
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100 
80 
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Fig. 7. Simultaneous tracings of weight change and colour of coronary effluent in a heart having 
spontaneous extra-systoles. Extra-systoles produce a sudden reduction in weight and a 
corresponding dilution of the effluent. A reduction in weight due to an injection of excess Ca 
ions is also shown. At a the calcium solution was mixed with the effluent and proved to be 


more concentrated than the perfusate. This made the record unsuitable for quantitative use 
but the dilution was still significant. 


DISCUSSION 


The experiments described show that losses of weight in the perfused isolated 
heart stimulated by adrenaline or excess calcium ions are due to the loss of 
extravascular fluid. Although we have no direct evidence as to whether intra- 
cellular water is concerned, the immediate loss must be from the interstitial 
fluid, and we are therefore concerned with the factors regulating the inter- 
stitial fluid volume in the heart. Since the hearts were perfused with Locke’s 
saline in which there was no colloid to exert an osmotic pressure, the normal 
Starling hypothesis (Starling, 1896) cannot apply. The circumstances in which 
a loss of interstitial fluid occurs strongly suggest that the loss results from 
cardiac systole. 

The consequences of ventricular systole on coronary flow have been much 
discussed since Scaramucci (1689), but there has been little or no consideration 
given to the effect of systole on the interstitial fluid balance in the heart. It has 
probably been assumed that such a balance would be of such a long time 
course as to be unimportant. The observation that in calcium rigor the heart 
can lose interstitial fluid at the rate of 1% of its total weight per second, and 
that significant changes occur with a single extra-systole, indicates a dynamic 
balance of much shorter time sequence and calls for a re-examination of this 
whole problem. It is already known (Johnson & Dipalma, 1939; Gregg & 
Eckstein, 1941) that during systole the intramural pressure in the heart rises to 
values greater than aortic systolic pressures. The raised intramural pressure of 
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systole must thus reverse the pressure gradient across the heart capillaries and 
(since there is no colloid osmotic pressure) the expulsion of interstitial fluid 
must be ascribed to a backward filtration. The results taken together suggest 
that in the Langendorff preparation there is a balance between filtration out- 
wards during diastole and backward filtration during systole. That is, there is a 
temporal balance regulating the volume of interstitial fluid rather than a spatial 
one, as is usually assumed under Starling’s hypothesis. This balance could be 
disturbed either by an encroachment of systole on diastole, or by an increased 
force of contraction altering the amount of fluid transferred by backward 
filtration during systole. A third variable could be a change in perfusion pres- 
sure which would affect the outward filtration rate. 

Changes in perfusion pressure do cause changes in the weight of the heart in 
the direction expected, but it could be argued that this may be brought about 
by a passive distension of the coronary vessels (Osher, 1953). However, when 
the perfusion pressure is lowered sufficiently, a dilution of the effluent is seen, 
and this gives indirect evidence that filtration outward from the capillaries has 
fallen to a lower level than backward filtration from the interstitial space. 

The possibility that backward filtration is a factor in the control of inter- 
stitial fluid has generally been rejected following Starling’s (1896) investiga- 
tions of the problem. However, it is interesting to recall that Starling found 
that increased tissue pressures did not retard capillary flow, and, in rejecting 
backward filtration in most sites of the body, gave it as his considered opinion 
that ‘absorption by filtration is only possible in those regions of the body where 
a sudden rise in tissue pressure will not be propagated to the neighbourhood of 
the larger veins’. 

It seems that these conditions are just those met with in the myocardium 
and that backward filtration is a new factor of considerable importance in this 
site. It may help to promote a rapid turnover of interstitial fluid which would 
have obvious advantages in facilitating the access of substrates and the 
removal of metabolites. The over-all reduction in interstitial fluid which occurs 
under adrenaline stimulation may assist the heart in achieving a lower end- 
systolic volume with less mutual interference by the shortened muscle fibres. 
It should, however, be emphasized that these studies were made on hearts 
perfused with saline solutions, and before the conclusions can be applied to 
conditions in vivo parallel studies with solutions containing protein and with 
whole blood will be required. 


SUMMARY 


1. The isolated perfused rabbit heart loses weight when stimulated by 
adrenaline or by excess calcium ions. Extra-systoles also cause a loss in weight. 

2. The losses in weight have been shown to be due to losses of extravascular 
fluid. 
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3. The factors concerned are the increased force of contraction and possibly 
an encroachment of systole on diastole. 

4. The observations suggest that backward filtration from the interstitial 
space occurs during systole and that this may be an important factor in the 
regulation of the interstital fluid volume in the heart. 


This work was supported by a grant for scientific assistance from the Medical Research Council, 
and also by a grant for apparatus from the Central Research Fund of the University of London. 
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THE INTERRELATIONSHIP OF WEIGHT CHANGE AND 
CORONARY FLOW IN THE ISOLATED PERFUSED 
RABBIT HEART 


By J. STUBBS* anv W. F. WIDDAS 
From the Department of Physiology, King’s College, London, W.C. 2 
(Received 22 April 1959) 


In the preceding paper (Stubbs & Widdas, 19595), experiments have been 
described in which the isolated perfused rabbit heart lost weight when stimu- 
lated by adrenaline or excess calcium ions. It was shown as the result of these 
studies that the extravascular fluid of the heart was much more labile than had 
hitherto been appreciated. 

The extensive literature on the subject of the coronary circulation has been 
reviewed by Anrep (1926) and by Gregg (1946). More recent reports still agree 
that the coronary flow is chiefly regulated by the oxygen demand and the 
saturation of the supplying blood (see, for example, Braumwald, Sarnoff, 
Case, Stainsby & Welch (1958) and Feinberg & Katz (1958)). The importance 
of systole and the tonic state of the heart was emphasized by Porter (1898) and 
by Wiggers (1909), and has been studied by many authors since, but the lability 
of the extravascular fluid is a factor which has not been allowed for in coronary 
flow studies so far reported. 

Although the present work was not primarily an investigation into factors 
producing variations in coronary flow, it became evident that definite patterns 
of flow changes accompanied variations in weight. These patterns suggested 
an interrelationship of some interest. 

The present paper describes this interrelationship under different experi- 
mental procedures and advances an hypothesis for a new factor in the control 
of coronary flow. A preliminary account has been given to the Physiological 
Society (Stubbs & Widdas, 1959.). 


METHODS 


The methods were essentially similar to those described in the previous paper (Stubbs & Widdas, 
1959). Hearts weighing 5-20 g were used. In experiments designed to produce cardiac arrest, 
the heart was perfused with Locke’s solution containing potassium citrate, as described by Baker 
& Dreyer (1956), but a recirculating technique was used. 


* Present address: Surgical Unit, St George’s Hospital, London 8.W. 1 
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RESULTS 


The changes which occur in coronary flow when the perfused heart loses or 
gains weight as a result of various experimental procedures are given in Table 1. 
The way in which hearts stimulated by adrenaline or excess calcium ions lost 
weight has been described in the previous paper (Stubbs & Widdas, 19595). 
Factors contributing to the increased coronary flow in these experiments will 
be discussed later. 


Tasxz 1. Relation of coronary flow to changes in weight of the heart 


Causes of loss in weight Nature of weight loss Changes in coronary flow 

Adrenaline Rapid loss; recovery 3-5 min Initially reduced or unchanged ; 
increased during recovery stage 

Excess Ca*+ Rapid loss; recovery as above Increase starting with loss of 
weight and reaching maximum 
during recovery 

Extra-systoles gon: ge ; recovery in No detectable change 

5-1-5 min 
Pitressin Large rapid loss; slow recovery Marked initial reduction returning 
in 5 min with recovery in weight 
Rapid loss in weight; rapid Marked reduction. On 
(30 sec) recovery on restarting perfusion perfusion may have increase 


above base line for 0-5-1-0 min 
Osmotic transients Loss initially with hypertonic Increased during loss in weight 
solution; regained slowly with phase; reduced during gain in 
penetrating non-electrolyte weight 


arrest due to Nature of weight gain Changes in coronary flow 

Acetylcholine Rapid gain; slow return over Increased with weight gain ; 

3 min returns to base line during 

recovery 

Potassium citrate id initial gain; slower increase Increased i , falling to base 
ile arrest maintained ; rapid 

loss on resumption of normal increased on resumption of 

beats normal beats 
Pitressin 


The effect of Pitressin (vasopressin; Parke, Davis) was to cause the heart to 
lose weight. This, however, differed from the loss in weight caused by adrenaline 
or excess calcium ions, for there was a marked reduction in coronary flow (Fig. 1). 
This was indicative of a coronary vasoconstriction and suggested that a large 
part of the loss in weight was vascular in origin, i.e. that there was a reduction 
in the capacity of the coronary vascular bed. This corroborates the conclusion 
of Hanson & Johnson (1957) that Pitressin affects the coronary arterioles. 
When dye was present, however, there was a significant dilution of the effluent, 
showing that some extravascular fluid was also lost. 
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Lowered perfusion pressure 
When the perfusion was stopped, there was a loss of weight and almost com- 
plete cessation of coronary flow. On starting the perfusion again the coronary 
flow was at first greater than the previous value, but returned to normal in 
about 0-5—-1-0 min. When dye was present the first effluent showed a dilution of 
dye which indicated a loss of some extravascular fluid. 
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Fig. 1. Effect of Pitressin on heart weight and coronary outflow. 
Fig. 2. Effect of glycerol (1-0 g/100 ml. Locke’s solution) on heart weight and coronary flow. 


Osmotic transients 
Losses in weight produced by changing over to Locke’s solution made hyper- 
tonic by the addition of non-electrolyte were accompanied by increases in 
coronary flow. The results of an experiment with Locke’s solution containing 
1g giycerol/100 ml. are shown in Fig. 2. Essentially similar results were 
obtained with glucose and sucrose, though the weight did not return to normal 
in the way shown for glycerol. 


Acetylcholine 
An injection of acetylcholine caused the perfused heart to gain weight by as 
much as 5% of the initial value. A typical result is shown in Fig. 3. The gain in 
26-2 


r 
qi 
4: 
} 
| 
al 
— 


406 J. STUBBS AND W. F. WIDDAS 


weight was accompanied by an increase in coronary flow, which returned to the 
pre-injection value when the weight had returned to normal. Colorimetric 
monitoring of the outflow while the heart was being perfused with Locke’s 
solution containing dye did not show evidence of a concentrating effect, and this 
suggested that the gain in weight was largely due to a dilatation of the 
coronary vascular bed, 

T Weight change 
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Fig. 3. Effect of acetylcholine on weight and coronary flow. Heart weight 7-0 g. 


Potassium citrate 


The changes in weight and coronary flow which occurred when a heart was 
stopped by perfusion with Locke’s solution containing potassium citrate 
(1 mg/ml.) are illustrated in Fig. 4. The weight initially increased in a manner 
similar to that seen with acetylcholine, but during the quiescence there was a 
slower persistent increase in weight. The coronary flow, which showed a tem- 
porary increase, declined during the quiescence. If the quiescence was pro- 
longed, the flow could diminish to less than half its initial value. 

When the perfusion was changed back to normal Locke’s solution and beat- 
ing recommenced, there was a loss of weight and an increase in the coronary 
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flow toward its former value. When dye was present this loss in weight was 
accompanied by a dilution, showing that some extravascular fluid was lost. 
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Fig. 4. Effect on weight and coronary flow of cardiac arrest produced by potassium citrate, 
showing temporary increase in coronary flow followed by progressive decrease. 


Adrenaline and calcium ions 


When the heart, perfused with Locke’s solution containing dye, lost weight 
owing to stimulation by adrenaline or excess calcium ions, there was a sharp 
drop in concentration of dye in the outflow, which was indicative of a loss of 
extravascular fluid. If the heart regained weight by immediately replacing the 
extravascular fluid lost, one would expect the colorimetric reading to cross the 
base line in the other direction as the dye or cells became concentrated. Only in 
the extreme case of a calcium rigor was this reconcentration evident (Fig. 5). 
Even in this result, the sharp dilution peak to about 65%, corresponding with 
the rapid weight loss, is in contrast with the blunter curve showing a reconcen- 
tration during the weight gain. The dye concentration curve can be seen to 
approximate to the differential of the weight curve. This suggests that inter- 
stitial fluid is lost more rapidly than it is gained in such experiments. 

In experiments in which the heart was stimulated by only a moderate excess 
of calcium ions or by adrenaline, the expected concentration was less evident 
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and in all such experiments it appeared to be small and drawn out or delayed 
(see also Stubbs & Widdas, 1959, Fig. 3). Owing to the uncertainty in the 
base line, accurate quantitative assessment is at present not possible, but 
the replacement of interstitial fluid could not have been complete when the 
weight had returned to normal. The results strongly suggest that, in the 
first place, there must have been an increased capacity of the coronary 
circulation as the myocardial tone, increased by the adrenaline or excess 
Ca*+ ions, returned to normal levels. 


Weight change 


0-758 


Mye concentration (%) 


a b 

Fig. 5. Simultaneous tracings of heart weight and dye concentration for a heart stimulated by 
excess calcium ions. In a the Ca concentration of the Locke’s solution was raised about 
10 times for 30 sec. The steep fall in dye concentration to about 65% was recorded by revers- 
ing the polarity when the meter came to zero (dotted portion of trace). In 6 an injection of 
0-2 ml. 6% CaCl, was made near the cannula, Heart weight 6-7 g. 


With adrenaline, typically the coronary flow increased only when the weight 
loss was near its maximum. The increase in the flow remained during the whole 
of the period of gain in weight and slowly declined to the base line). Hammouda 
& Kinosita (1926) observed a temporary reduction in coronary flow as the rate 
and force of contraction was increasing, and this has also been seen in the 
present work in a number of experiments corresponding with the period when 
the loss in weight was taking place. The increased flow persisted much longer 
than the inotropic effect on the heart, and corresponded to the period during 
which the circulatory capacity was deduced to be increased. 

With excess calcium ions the increase in flow began as the heart lost weight. 
It attained a maximum and slowly declined as the heart weight returned to 
base line. Even when the heart went into rigor, coronary flow was not usually 
reduced below pre-treatment values, 
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DISCUSSION 
The hypothesis of a mechanical factor in the regulation of coronary flow 

Analysis of the results obtained with the perfused heart from measurements of 
coronary flow, heart weight and dye concentration have indicated an increased 
circulatory capacity in the acetylcholine and adrenaline responses. The 
increase with acetylcholine is of sufficient magnitude to point to an involvement 
of capacity vessels (probably capillaries) and the possible mechanisms are the 
reduction in myocardial tone or an arteriolar dilatation raising the pressure in 
the capillaries and, indirectly, their size. The increased capacity in the 
adrenaline response occurs in a heart which is smaller than normal, and is 
therefore secondary to the loss of interstitial fluid in the early part of the 
experiment, which may be presumed to increase available vascular space. 

However, in both cases the increased capacity occurs in a heart changing 
from one level of tone to a lower level. Further, the increases in capacity 
associated with adrenaline and acetylcholine are so similar to the effect of 
excess Ca and of the initial action of potassium citrate that it is relevant to 
inquire if the increased capacity of the circulation might be dependent on 
changes in the myocardium, and whether these changes could be responsible 
in part for the changes in the coronary flow. 

Indeed, the variations in coronary flow which have been described above 
can be explained in a relatively simple manner if it is assumed that the calibre 
and capacity of some resistance vessels depends, in part, on the support of the 
myocardium mediated through the interstitial fluid. This hypothesis is illus- 
trated schematically in Fig. 6. In the heart perfused with Locke’s solution 
containing no colloid, the balance of interstitial fluid is a temporal one between 
filtration from the capillaries during diastole and a small backward filtration 
into the capillaries during systole... Systole may lead to compression and partial 
emptying of capillaries (a ‘kneading’ action was suggested by Wiggers (1909)), 
but their distension in diastole would be limited in part by the external 
support of the myocardium and interstitial fluid pressure. 

If the tone of the myocardium decreased (e.g. owing to acetylcholine), the 
external support would be reduced and a greater distension would be possible, 
as is represented in Fig. 6 (b). When the heart was beating more forcibly (e.g. 
on adrenaline stimulation) a greater degree of backward filtration into the 
capillaries would occur, and in subsequent diastolic periods (particularly as the 
tone reverted to its former value), additional distension of the capillaries 
would become possible. This is represented in Fig. 6 (c). 

In the above response, capillary dilatation would lead to an increased trans- 
capillary pressure gradient. This, in turn, would cause increased filtration with 
consequent reduction in capillary distension until the equilibrium represented 
by Fig. 6 (a) was again attained. 
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In a prolonged quiescence, when there were no systoles to promote back- 
ward filtration, the outward filtration from the capillaries would proceed until 
the trans-capillary pressure was reduced to a minimum. This would produce a 
reduction in calibre and capacity of the vascular bed. This sequence of events 
represented in Fig. 6 (d), would explain the results which were obtained when 
the heart was arrested with potassium citrate. 

Lowering the perfusion pressure or an intense arteriolar constriction 
(Pitressin experiment) can be visualized as producing effects by lowering 
the mean capillary pressure. Losses of extravascular fluid brought about by 
osmotic transients would act similarly to the adrenaline response in making 
space available for a greater capillary distension. 


Diastole 


c. Loss of 
interstitial > 


fluid i 


d. Heart 
arrest 


Fig. 6. Schematic representation of the support of a capacity vessel (capillary, C) by the myo- 
cardium (M) and interstitial fluid (IF.). a The normal balance; b effect of decreased muscle 
tone; c effect of loss of interstitial fluid ; d effect of a prolonged quiescence. For fuller detail see 
text. 


Theoretical extension of the hypothesis 

The above hypothesis is limited to the conditions applicable to the heart perfused with a saline 
free from colloid. For appiication to a heart or other tissue in vivo, the presence of both plasma 
colloids and the circulating red cells must be taken into account. 

The mechanism for the control of the interstitial fluid normally accepted is that based on 
Starling’s hypothesis (Landis, 1934; Ponder, 1949). This postulates that the effective hydrostatic 
pressure (capillary pressure less tissue-fluid pressure) is opposed by the osmotic pressure of the 
plasma proteins (less any osmotic pressure due to protein leaking into the tissue spaces). It is 
further postulated that filtration occurs principally at the arteriolar end of capillaries where the 
effective hydrostatic pressure exceeds the colloid osmotic pressure, and that reabsorption occurs 
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at the venous end of capillaries or in collecting venules. Since some capillaries may be at a hydro- 
static pressure exceeding the colloid osmotic pressure (Landis, 1926) throughout their whole 
length, this simplified concept probably only applies to so-called true capillaries (Chambers & 
Zweifach, 1947). Chambers & Zweifach (1947) also discuss the literature on the pericapillary 
sheath, and if this sheath or the matrix of surrounding structures offered any resistance to the flow 
of fluid, it would follow that the tissue-fluid pressure would be highest outside the arteriolar end of 
a capillary, and, assuming tissue pressure can influence the calibre of the vessel, this part should be 
narrowed first. 

The possible consequences of this on a capillary which is at a critical size, i.e. with a diameter 
close to that of a red cell, is illustrated schematically in Fig. 7. If filtration produced narrowing 
sufficient to cause the lumen to be obstructed by a red cell, the pressure gradient along the capillary 
would be modified, as indicated in Fig. 7 (6). This would limit the area available for outward filtra- 
tion and increase the area for reabsorption. As a result, the tissue fluid would be more rapidly 


P Hydrostatic r Hydrostatic 
pressure 


A——— Capillary V Capillary V 
3 b 


Fig. 7. Pressure gradient and distribution of filtration and reabsorption ; a in a capillary larger than 
a red cell diameter; b in a capillary which is obstructed by a cell. For further details, see text. 


dispersed from the arteriolar end of the capillary, which would be able to expand so that unimpeded 
flow could recommence. The pressure gradient would then return to that shown in Fig. 7(a) and 
the whole cycle would repeat itself. If cells could slowly pass the obstruction by a plastic deforma- 
tion, a condition intermediate between the extremes represented above would result. 

The times spent in the different phases of such a cycle would depend on the relative rates of 
filtration and reabsorption. For instance, the time spent in the condition represented by Fig. 7 (a) 
would be reduced by a high capillary pressure. 

In any tissue in which a large proportion of capillaries were of such a critical size, the above 
cycles, being asynchronous, could form an automatic mechanism for regulating the circulatory 
capacity and capillary blood flow. A reactive hyperaemia in such a tissue might be caused by 
allowing reabsorption to occur simultaneously over the whole vascular bed while filtration was 
stopped (e.g. by arterial occlusion or arteriolar constriction) so that, on re-establishing the circula- 
tion, all the capillaries were initially in the state represented by Fig. 7 (a) and permitted unimpeded 


flow. 
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Even where capillaries were not at the critical size depicted above, a small change in capillary 
diameter could have a large effect on capillary blood flow. To illustrate this point, the increase in 
flow with increase in area has been calculated on the basis of an axial stream of uniform velocity 
(and of diameter equal to the red cell diameter) and assuming streamline flow between this axial 
column and the vessel wall. Under these conditions, flow is proportional to (a*-r*) where a is the 
radius of the capillary and r the radius of a red cell. The result of this calculation, in which the red 
cell diameter has been taken as 7, is shown in Fig. 8. These considerations suggest that a rela- 
tively small change in the distribution of fluid between the interstitial spaces and the circulation 
could affect blood flow in a significant way in capillaries of 8 or under if they expanded or con 
tracted reciprocally with the volume of interstitial fluid. 

If this aspect of the hypothesis has any more generalized application beyond tissues such as the 
heart, it would be necessary to take into account other factors which affect the volume of interstitial 
fluid. Thus glandular secretion and lymph flow, for example, may need to be re-examined to see if 
they contribute mechanically to some hyperaemic responses. 


<4 
7 7°5 8 9 10 


Capillary diameter 


Fig. 8. Percentage change in capillary flow for a 1% change in cross-sectional area of capillary at 
diameters just above the red cell diameter (taken as 7). For basis of calculation see text. 


The changes in coronary flow which occur in the perfused heart owing to the 
effect of adrenaline or acetylcholine normally call for little comment. The 
adrenaline responses reported correspond closely to those described by Ham- 
mouda & Kinosita (1926). These authors regarded the increased flow as due to 
muscular influences and not to vasodilatation per se. The increased coronary 
flow associated with a heart strongly contracted owing to excess calcium ions is 
similarly difficult to regard as a vascular effect. The similarity of the weight 
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changes with those due to adrenaline or excess calcium suggests that the 
common factor is the myocardial action. In the same way, the effect of acetyl- 
choline is closely paralleled by that of potassium citrate, but the latter only 
increases the coronary flow initially when the heart weight rapidly increases 
during the early part of the arrest. The initial increase in coronary flow with 
arrest of the isolated heart was also shown by Hammouda & Kinosita (1926) 
who produced cardiac arrest by several methods, all of which differed in detail 
from that used in the present experiments. The absence of vagal vasodilatation 
in the heart has recently been re-examined and confirmed by Szentivanyi & 
Nagy (1959), but these authors admit the possibility of vasodilatation caused by 
large quantities of acetylcholine. Since acetylcholine in large doses produces 
cardiac arrest and a fall in myocardial tone, these factors may overshadow the 
vasodilator action. | 

The occurrence of increased coronary flow with osmotic transients due to 
a variety of substances, none of which is a pharmacological vasodilator, is 
further evidence against an interpretation based on vaso-active substances. 
The accumulation of evidence by the dye and weighing techniques points to 
increased circulatory capacities in the responses to acetylcholine, to adrenaline, 
to excess calcium ions, and to the initial effect of potassium citrate perfusion. 
The effects of adrenaline or acetylcholine on the myocardial action could 
account for the increases on a mechanical basis just as effectively as by direct 
vaso-action. The mechanical hypothesis also embraces the responses to pro- 
cedures not involving any pharmacologically active substance. __ 

In essence, the hypothesis can be divided into two parts. First, it is postu- 
lated that the circulatory capacity and peripheral resistance depend in part on 
the muscle tone. Both these postulates have already been demonstrated in 
the perfused intestine by Sidky & Bean (1958), who have shown that in that 
site muscle tonus can augment, mask or even reverse flow changes expected 
under the influences acting on the intestinal vasculature per se. Their demon- 
stration of tonus as an important influence on the large reservoir capacity of the 
intestinal vasculature is paralleled by the studies on the heart reported here. 
The effect of the extravascular support on coronary flow has been considered 
by many workers; for instance, Katz, Jochim & Bohning (1938) visualized that 
passive changes in calibre may be superimposed on active changes in the 
coronary vessels. 

The difficulties in obtaining a quantitative assessment of the extravascular 
effects have been emphasized in the important review by Gregg (1946). In a 
later study, Osher (1953) observed changes in coronary vascular volume with 
variations in perfusion pressure, and drew attention to such factors as hindrance 
from extravascular support and anomalous viscosity changes in determining 
the haemodynamics of the coronary circulation. 

Clearly the coronary circulation in vivo will involve the integration of many 
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factors, some acting on the vasculature per se, while others are of an extra- 
vascular nature. The latter will differ in systole and diastole, so that the 
strength and duration of systole will be a main variable, as has been brought 
out more fully in the reviews already mentioned. The same variable, however, 
is potent in the regulation of interstitial fluid in the isolated heart and could 
indirectly influence the degree of hindrance in diastole under the second part 
of the hypothesis. Thus what happens to the interstitial fluid of the heart 
under different states could be an important new factor in the over-all 
problem. 

The second part of the hypothesis ascribes an important peripheral vascular 
role to changes in volume of the interstitial fluid as well as to changes in muscle 
tone. This principle could have applications outside the field of cardiac 
physiology. A suggestion that tissue pressures may fulfil an appreciable 
peripheral vascular role has been made by Yamadi & Astrom (1959) from a 
study of critical closing pressures in an isolated perfused limb. 

The possibility of a backward filtration and loss of interstitial fluid has not so 
far been investigated in sites such as the intestine, though intramural pressures 
reported by Sidky & Bean (1958) would appear to justify consideration of this 
point. It is a logical step to suppose that the support exerted by any structure, 
muscular or otherwise, must be moderated by changes in the volume of the 
interstitial fluid. It is in this second respect that the hypothesis offers greater 
difficulty of experimental confirmation. 

The measurement of tissue pressure presents a difficult problem. Indirect 
evidence led Pappenheimer & Soto-Rivera (1948) to conclude that it was 
probably zero in the perfused hind limb of the cat. This interpretation, how- 
ever, applied to an over-all mean value, and may possibly have been influenced 
by the toneless musculature of the preparation. Theoretically, it may be 
important to know the pressure in tissue immediately surrounding specific 
parts of the capillaries, and this could conceivably be different from the average 
tissue pressure. 

Landis (1926) pointed out that some capillaries were at a higher hydrostatic 
pressure than the colloid osmotic pressure, and may be presumed to permit 
filtration along their whole length. Others at a lower hydrostatic pressure 
would favour absorption by osmotic forces. This aspect and the influence of 
vasomotion on tissue fluid balance has been further developed by Chambers & 
Zweifach (1947). In tissues with both kinds of capillaries, it is difficult to 
visualize that the avoidance of oedema is left to a fortuitous occurrence of 


these capillaries in just the right proportions. An automatic control mechanism 


based either on physical principles, or involving local reflex or chemical control 
(Krogh, 1922; Lewis, 1927) of arterioles or capillaries would appear to be 
essential, and it may be that Starling’s (1896) hypothesis should be reviewed 
from the standpoint of an integration with vasomotor and extravascular 
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factors affecting capillary pressures and areas available for filtration and 
reabsorption. 

It is interesting to speculate whether the control of coronary flow by oxygen 
demand could include a mechanical factor, under the hypothesis discussed in 
this paper. A mechanical component could be involved if the perfusion with 
fluids of low oxygen tension caused either reduction in tone on the same lines as 
acetylcholine, or a reflex stimulation, as by adrenaline (Woods & Richardson, 
1959), since either could lead to an increased circulatory capacity. Increased 
cardiac work (and hence oxygen demand) under sympathetic stimulation 
could affect the balance of interstitial fluid as described in the previous paper 
(Stubbs & Widdas, 19595). 

Eckstein, Stroud, Dowling & Pritchard (1950) found increased coronary 
flow associated with a reduced heart volume, and attributed the latter to more 
complete emptying. However, as Johnson (1945) has shown that myocardial 
compression at any level varies inversely with ventricular size at the end of 
systole, an additional loss of interstitial fluid would appear to be a possible 
factor here as well. Even in the isolated heart, where no increase of external 
work is involved, adrenaline perfusion brings about interstitial fluid and 
vascular changes of long duration. These factors could also be operative in 
experiments such as those described by Feinberg & Katz (1958). 

It should be emphasized, however, that the lability of the interstitial fluid 
under the conditions of an isolated perfusion may be exaggerated by the 
absence of protein, and further investigations will be required to assess the 
magnitude of this new factor in vivo. The pitfalls in the field of cardiac physio- 
logy of applying results obtained on isolated preparations to the intact animal 
have recently been emphasized by Rushmer & Smith (1959). 


SUMMARY 


1. Variations in coronary flow associated with weight changes in the perfused 
isolated rabbit heart are described. 

2. The flow—weight changes obtained with vaso-active substances can be 
reproduced with substances or procedures having a similar myocardial action, 
but which are not ordinarily vaso-active. 

3. The hypothesis that the peripheral resistance and circulatory capacity 
depend in part on the support given by the myocardium and the interstitial 
fluid would provide a simple explanation of the variations in coronary flow in 
the isolated heart. 

4. A theoretical extension of this hypothesis to conditions im vitro is 
described. 


This work was supported by a grant for scientific assistance from the Medical Research Council 
and by a grant for apparatus from the Central Research Fund of the University of London. 
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VAGO-VAGAL REFLEX EFFECTS ON GASTRIC AND 
PANCREATIC SECRETION AND GASTRO- 
INTESTINAL MOTILITY 
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Pavlov (1902) in his account of the nervous regulation of digestion, stressed the 
importance of the discharge down the efferent vagal fibres to the abdominal 
viscera. This discharge he conceived as the reflex result of a ‘secretory centre’ 
in the brain stem being bombarded in the earlier stages of digestion by impulses 
from cephalic nerve endings, followed in the later stages by an inflow of impulses 
along visceral afferent fibres in the abdominal vagus and sympathetic nerves. 
The importance, or even the existence, of this second type of reflex arc seemed 
doubtful when it was discovered that gastro-intestinal secretion and motility 
could, except for the cephalic reflexes, continue and be adjusted to the require- 
ments of digestion in the absence of the extrinsic nerve supply to the abdomen 
(McSwiney, 1931; Alvarez, 1948). With the discovery of secretin, increasing 
stress was laid on the importance of hormonal control, particularly of the 
secretory functions of the digestive system. More recently it has been suggested 
that local reflexes, mediated through the intrinsic plexuses, may be concerned 
in hormonal release. Little attention, however, has been paid to the possibility 
that ‘long’ reflexes through the visceral afferent fibres in the vagal and sympa- 
thetic nerves to the abdomen might, by arcs through the central nervous system 
returning through the efferent fibres in these same nerves, play a part in 
regulating gastro-intestinal secretions and movements. 

Previous workers have attacked the problem either by studying the effects of 
extrinsic nerve section on the response to physiological stimulants in the lumen 
of the digestive tract, or by recording the secretory or motor responses to 
direct stimulation of the many afferent fibres, which have been shown to be 
present in the splanchnic nerves and abdominal vagus trunks (Bain, Irving & 
McSwiney, 1935; Harper, McSwiney & Suffolk, 1935; Agostoni, Chinnock, Daly 
& Murray, 1957). 


* Junior Luccock Research Fellow. Present address: Department of Physiology, School of 
Medicine, University of Leeds, Leeds 2. 
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Most of the earlier work on the effects of direct central stimulation of the 
vagus nerves on the abdominal organs is casual and unsystematic, by ill- 
defined methods of stimulation applied to the cervical more often than the 
abdominal vagus branches, and with no dependable control of the reflex nature 
of the response. For these reasons a more systematic inquiry has been under- 
taken into the reflex effects on digestive secretions and gastro-intestinal motility 
of direct stimulation of the afferent fibres in the vagal supply to the abdomen. 
Preliminary reports of the results have already been published (Harper, Kidd & 
Scratcherd, 1955, 1956). 


METHODS 


The experiments were performed on 64 unfed cats. Anaesthesia was induced with ether and main- 
tained by an intravenous injection of chloralose (0-075 g/kg) or of a mixture of chloralose (0-0375 g/ 
kg) and urethane (0-45 g/kg). The splanchnic nerves were cut extraperitoneally. A soft rubber 
tube was passed through an incision in the cervical part of the oesophagus into the stomach, and 
the pylorus was occluded with a tape ligature. A tied-off duodenojejunal loop, some 6-8 in. (15- 
20 cm) in length, was similarly intubated and the stomach and intestinal loop were filled with 
25 ml. 0-005 x-HCl and 10 ml. 0-9 % (w/v) saline, respectively. By replacing the stomach contents 
every 15 min it was possible to measure acid and-pepsin responses to stimulation. The acid content, 
in m-equiv HCl, of each 25 ml. of gastric washings was determined by titration against 0-05N- 
NaOH with phenolphthalein as indicator. Peptic activity was measured by the method of Hunt 
(1948). 

Changes in tone and motility were recorded by connecting the fluid-filled viscera through water 
manometers to float recorders (Fig. 1). Conditions were standardized for successive 15 min 
periods by adjusting the fluid meniscus on the water manometers and the recording levers of the 
float recorders to reference levels by means of a syringe and 3-way tap at the beginning of each 
period. 

The pancreatic duct was cannulated as it passed through the duodenal wall, and a flow of 
pancreatic juice was maintained throughout the experiment by injections of secretin prepared by 
the method of Crick, Harper & Raper (1949). The amylase content of the samples of pancreatic 
juice collected at 15 min intervals was determined by the modification of Nerby’s method described 
by Lagerléf (1942) and the results expressed as output of Norby units x 10. 

The abdominal vagus trunks in the cat lie ventral and dorsal to the lower part of the oesophagus, 
and each receives contributions from the right and left vagus nerves (Fig. 2). The nerves were 
exposed by removing the 8th or 9th rib on one side, and one or other of the trunks or their con- 
tributory branches was cut and the central end stimulated through shielded bipolar silver elec- 
trodes. Fluid electrodes proved unsatisfactory in our hands, but in some experiments the electrode 
described by Schofield (1952) was used. The responses to centrifugal vagal stimulation were 
observed after stimulation of the peripheral end of the branch or trunk used for central stimula- 
tion, or of another branch divided later in the experiment. Square-wave pulses of variable width, 
frequency and voltage were applied from an electronic stimulator for ten 30 sec periods separated 
by 30 sec periods of rest. Respiration was maintained by a Starling Ideal pump. 

The most easily elicited reflex response to stimulation of the central end of an abdominal vagus 
branch is violent vomiting movements. To eliminate these disturbing somatic effects the spinal 
cord was transected at the level of the second cervical vertebra or, in most experiments, small 
amounts of the di-iodide of tubocurarine dimethyl ether (75ug/kg intravenously) were injected 
before each period of central stimulation. The effect of the drug in this dosage is to block trans- 
mission in motor nerves without affecting transmission in autonomic pathways (W. D. M. Paton, 
personal communication). 
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R.V. 


0-9% saline V.V.T. 


Fig. 1 Fig. 2 
Fig. 1. Diagram of apparatus. At 15 min intervals the contents of the stomach and intestinal 
loop were replaced, and the meniscus levels on the water manometers and position of the 
recording levers on the kymograph were adjusted to reference lines (RHF) by means of the 
syringes (S) and 3-way taps. 
Fig. 2. Vagal nerve supply to the abdomen. The ventral vagus trunk (V.V.T.) and dorsal vagus 
trunk (D.V.T.) lie ventral and dorsal to the lower part of the oesophagus (OZ), and receive 
branches from the right (R.V.) and left (L.V.) vagus nerves. 


RESULTS 


The pattern of the experiments was as follows. The responses, secretory and 
motor, to one or more periods of stimulation of the central end of a vagal 
branch or trunk were recorded. Increases over the control level of more than 
0-05 m-equiv HCl, 40 u. pepsin or 1-5 u. amylase were regarded as significant. 
That the response had been a reflex one over afferent and efferent vagal path- 
ways was demonstrated by the absence of response on repeating the stimula- 
tion after cutting the vagal connexions to the brain stem higher up in the 
thorax or in the neck. Finally, to show that the negative response was not due 
to diminished sensitivity of the animal the peripheral end of an abdominal 
vagus branch was stimulated. In a few experiments the responses of the 
stomach, pancreas and intestine were simultaneously recorded, but usually 
only two organs were studied in any one experiment. 

27 PHYSIO, CXLVIII 


419 
+ 
|, 
L.V 
7 
0-005 
-HC NG 
( 
| 


A. A. HARPER, C. KIDD AND T, SCRATCHERD 


Gastric secretion 

A typical experiment is illustrated in Fig. 3. There was usually little or no 
secretion during the control period. Stimulation of the central end of a vagal 
branch resulted in a secretion of acid and pepsin which was maximal in the 
stimulation period and usually persisted for a further 15-30 min. No secretion 
occurred when the stimulation was repeated after section of the vagus nerves in 
the neck, but a well-marked increase in acid and pepsin followed stimulation of 
the peripheral end of a vagal branch. In twenty-six experiments the mean 


1 
Time (hr) 


Fig. 3. Stimulation (SC 1) of the central end of the branch of the right vagus to the dorsal vagus 
trunk (25 V, 10-0 msec, 50/sec) resulted in a secretion of acid and pepsin. Repetition of the 
stimulation (S02) after section of the vagus nerves in the neck (VC) was ineffective, but 
stimulation (SP) of the peripheral end of the ventral vagus trunk produced a secretion of acid 
and pepsin. (The interrupted line, 7’, in this and other figures indicates the titration value of 
the 0-005N-HCl put into the stomach.) 


increase in secretion of acid was 0-13 m-equiv HCl (s.z. 0-013, range 0-50- 
0-63 m-equiv) in response to afferent stimulation, and 0-20 m-equiv (s.z. 0-026, 
range 0-05-0-68 m-equiv) in response to efferent stimulation. In thirty-seven 
animals the mean increase in pepsin was 227 u. (s.z. 23-5, range 40-920 u.) in 
response to afferent stimulation. The mean increase in response to efferent 
stimulation was also 227 u. (s.z. 26-5, range 40-630 u.). 


Pancreatic secretion 

The flow of pancreatic juice was maintained at a steady rate (usually about 
1 ml./15 min) by intravenous injections of secretin. Neither central nor 
peripheral stimulation of any vagal branch had any consistent effect upon the 
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rate of flow. In most experiments stimulation of the efferent vagal fibres 
resulted in an increase in amylase output. In many animals stimulation of 
afferent vagal fibres produced a reflex increase in amylase secretion, but in a 
number of experiments in which gastric secretion was increased by afferent and 
efferent stimulation, and a well-marked rise in amylase output followed efferent 
stimulation, the pancreatic enzyme response to afferent stimulation was small 
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Fig. 4. Stimulations (SC 1 and SC 2) of the central end of the ventral vagus trunk (25 V, 10-0 msec, 
50/sec) resulted in considerable increases in gastric acid and pepsin secretion, but very little 
effect on the output of pancreatic amylase. Stimulation (SP) of the peripheral end of the 
ventral vagus trunk had similar effects on gastric secretion, but a much greater effect on 
amylase output. None of the stimulations appreciably affected the rate of pancreatic secretion 
(PJ). 


(Fig. 4), and sometimes absent. A similar relative insensitivity of the pancreas 
to afferent vagal stimulation was observed when the response to central vagal 
stimulation was compared with that to the injection of pancreozymin (Fig. 5). 
The mean increases in amylase output above the control level were 4:5 u. 
(8.E. 0-91, range 1-7-8-9 u., 14 observations) in response to afferent stimulation, 


and 7-2 u. (s.u. 2-02, range 1-5-30-8 u.; 16 observations) in response to efferent 
stimuls tion, 
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Fig. 5. Stimulation (SC) of the central end of the ventral] vagus trunk (25 V, 10-0 msec, 50/sec) 
produced appreciable acid and well-marked pepsin secretion, but a negligible stimulation of 
amylase output. Compare the marked increase in amylase output in response to intravenous 
injections of 8-25 mg pancreozymin (PZN). 


Gastric motility 

The terms ‘tone’ and ‘tonus’ have often been used in descriptions of gastro- 
intestinal motility without being clearly defined. In the sense of a ‘fluctuating 
level of tension or length on which brief contractions may be imposed’ (Bozler, 
1948), the tone of the fluid-filled stomach or intestinal loop is related to the 
height of the meniscus in the water manometer. Slow increases or decreases in 
tone result in a decrease or increase in the volume of the viscus, which in turn is 
reflected in a rise or fall in the meniscus level. On these tonic changes shorter 
phasic contractions are superimposed. Our method of recording does not 
allow the nature of the phasic contractions to be determined, but from direct 
observation of the stomach both tonic changes and peristaltic waves occur in 
response to vagal stimulation. 

There was usually little spontaneous motility of the phasic type in the 
control periods, and such activity as there was disappeared on vagal stimul:- 
tion. The gastric responses to stimulation of the central end of an abdominal 


vagus branch were of two types. In 80% of the records the reflex response w2s | 
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predominantly a loss of tone which outlasted each period of stimulation, so 
that the response to the series of stimuli was a drop in tone to a level 1-6 cm 
below that of the control period. The original level of tone was gradually re- 
gained over a period of 15-30 min after the stimulation. In rather less than 
half the records of this type there was superimposed on the general loss of tone 
a very small contraction during each period of stimulation (Fig. 6). In 20% of 
the records these slight contractions appeared without any background loss of 
tone. The latent period of the response varied between 5 and 10 sec and the 
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Fig. 6. Record (retouched) of gastric motility. Stimulations (SC --) of the central end of the 
branch from the right vagus to the dorsal vagus trunk (25 V, 1-0 msec, 50/sec) resulted in a 
persistent loss of tone on which small contractions were superimposed during each stimula- 
tion period. 

In this and other motility records the ordinate scale shows the manometer pressures in 
cm H,O on the left and the volume change in the recorder on the right. R is the reference 
level to which the recording lever of the water manometer was adjusted at the beginning of 
each recording period. 


responses were consistent and repeatable in any one animal. The tone of the 
stomachs was assessed as ‘high’ or ‘low’, on an arbitrary standard of whether 
the fluid level in the manometer was more or less than 7 cm above the level of 
the operating table during the control period preceding stimulation. The type 
of response to stimulation bore no consistent relationship to the pre-existing 
leve! of tone in the stomach, assessed in this manner. 
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In the responses of the gastric muscle to efferent vagal stimulation there was 
less evidence of the inhibitory effects which dominated 80% of the reflex 
responses. In rather more than half the records there was a loss of tone in 
response to the series of stimulations, but in very few records was this the only 
effect of stimulation. In nearly all the responses, during each period of stimu- 
lation, there was superimposed on the general loss of tone a contraction, which 
was characteristically much greater in amplitude than those recorded in 
response to stimulation of afferent fibres (Fig. 7). The tone of the stomach re- 
covered gradually during the 15 min period following stimulation. In rather 
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Fig. 7. Record of gastric motility. During a series of stimulations (SP ——) of the peripheral end of 
the branch from the right vagus to the dorsal vagus trunk (25 V, 0-5 msec, 50/sec) there was a 
sustained decrease in tone on which contractions in response to each period of stimulation 
were superimposed. 


less than half the total number of records the contractions occurred without 
any appreciable loss of tone (Fig. 8). The latent period of the responses varied 
between 3 and 7 sec. There was a greater likelihood that efferent vagal stimula- 
tion would produce a fall in tone if the tone of the stomach before stimulation 
was ‘high’, but this relationship was by no means invariably found. 


Intestinal motility 
Similar effects were produced on the motility of a duodenojejunal loop by 
afferent and efferent vagal nerve stimulation. During each stimulation thee 
was a well-marked contraction of the loop after a latent period of about 5 sec. 
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In many experiments the intestinal muscle relaxed rather slowly after the end 
of stimulation and the record did not return to the origina! base line before the 
next stimulation. As a result in many records there is a probably fallacious 
appearance of a rise in tone in the gut throughout the series of stimulations 
(Fig. 9). In none of the experiments did afferent or efferent stimulation pro- 
duce the inhibition of tone during or after stimulation which was so frequently 
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Fig. 8. Records of carotid arterial blood pressure and gastric motility. Gastric contractions were 
produced by each stimulation (SP ——) of the peripheral end of the ventral vagus trunk (15 V, 
1-0 msec, 50/sec), with no appreciable alteration in the tone of the stomach. 


Effects of section of the splanchnic and vagus nerves 
In nine experiments section of the splanchnic nerves, which was usually done 
during preparation of the animal, was delayed until after the first afferent 
~ gtimulation. Cutting the splanchnic nerves at this stage had no effect on the 
control levels of acid and pepsin secretion, but in a number of experiments 
spontaneous motility became apparent and the background tone in the stomach 
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showed a moderate increase. When the afferent stimulation was repeated after 
section of the splanchnic nerves there was usually some increase in the amount 
of acid secreted and a more striking increase in the output of pepsin (Fig. 10). 
No consistent effect on pancreatic amylase output was observed in the few 
experiments of this type in which pancreatic juice was collected. The tone of the 
intestinal loop and its response to stimulation was unaltered by splanchnic 
nerve section, and the character of the gastric motor responses was unaffected 
by splanchnic nerve section or adrenalectomy. 
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Fig. 9. Record of intestinal motility. Intestinal contractions were produced by each stimulation 
(SC —-) of the central end of the branch of the right vagus to the dorsal vagus trunk (10 V, 
1-0 msec, 50/sec). 


After the vagus nerves were cut, either in the thorax or in the neck, there 
was no alteration in basal secretion of acid, but in one-third of the experiments 
the amount of pepsin in the gastric washings increased for some 30-45 min. 
Thereafter it usually declined to its previous level, but in a number of experi- 
ments the high pepsin secretion was maintained. In two-thirds of the animals 
there was a gradual progressive increase in gastric tone, associated with the 
appearance of spontaneous contractions, after vagal section (Fig. 11). No 
alteration in the tone of the intestinal loops was observed after vagal section. 
In eight of the fourteen experiments in which the output of pepsin increased 


after the vagus nerves were cut there was no concomitant increase in gastric 
tone and motility. 


Arterial blood pressure 

In five animals, in addition to the observations on secretion and motility, the 
arterial blood pressure was recorded from the carotid artery. During eac) 
30 sec afferent vagal stimulation there was a slight fall in pressure, varying 
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between 5 and 15 mm Hg, and slight rises of a similar magnitude coincided 
with each efferent vagal stimulation (Fig. 8). There was no alteration in the 
general level of arterial pressure over the 10 min periods during which the 
series of stimulations were applied. The blood pressure level was unchanged 
after cutting the vagi in the thorax or, except briefly at the time of section, in 
the neck. 
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Fig. 10. Stimulation of the central end of the branch of the right vagus to the dorsal vagus trunk 
(30 V, 10-0 msec, 50/sec) had a more marked effect on acid and pepsin secretion after (SC 2) 
than before (SC 1) section of the splanchnic nerves (Sp.C). Repetition of central stimulation 
(SC3) after section of the vagus nerves (VC) was ineffective, but an increase in acid and pepsin 
secretion followed stimulation (SP) of the peripheral end of the branch of the right vagus to 
the dorsal vagus trunk. 


General observations 


In experiments of the type described in this paper there are two main diffi- 
culties in comparing the responses to stimulation of the different vagal branches 
and trunks which supply the abdomen. The responsiveness of the organs to 
stimulation may vary, generally in the direction of a progressive reduction in 
sensitivity; and since the secretory response to one period of afferent stimula- 
tion may last 45 min there can be only two or at the most three such stimula- 
tion periods before the reflex nature of the response is proved by complete 
vage! section and subsequent afferent and efferent stimulations. From an 
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examination of the results of 260 afferent and 255 efferent periods of stimula- 
tion it is clear that reflex and efferent responses can be elicited by stimulation 
of the ventral and dorsal trunks and the branches of the right and left nerves 
which form the dorsal trunk. There was no consistent difference in the size of 
the responses nor, with one exception, in the percentage of positive responses 
from any branch or trunk. The exception was the ineffectiveness of stimula- 
tion of the peripheral end of the ventral vagus trunk on intestinal motility in 


the majority of experiments. 
mi. 
16+ 4 
1373 
R 
= 
1042 
1 min 
vc 
15 30 48 _|75 min 


Fig. 11. Records (retouched) of gastric motility. After section of the vagus nerves in the neck 
(VC) there was a progressive increase in gastric tone. The second, third, fourth and fifth 
records commence at the 15th, 30th, 45th and 75th minutes, respectively, after vagal section. 


For the same reasons it was impossible to assess in any quantitative fashion 
the effects of varying the voltage or pulse duration of the electrical stimula- 
tion. Remarkable changes were produced in the motor responses by variations 
in the frequency of stimulation, and these are described in another paper 
(Blair, Harper, Kidd & Scratcherd, 1959). In the present series of experiments 
secretory and motor responses were obtained with a range of intensity from 5 to 


40 V, of pulses from 0-1 to 10-0 msec, and frequencies between 30 and 50 per 
second. 


DISCUSSION 

Except for the few experiments in which the splanchnic nerves were left intact, 
all the reflex effects described were mediated over arcs containing approxi- 
mately a quarter to half the afferent fibres and half to three-quarters of the 
efferent fibres in the abdominal vagus nerves, depending on whether one of te 
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branches to the dorsal trunk or an entire trunk was used for the afferent stimu- 
lation, leaving intact either a branch and a trunk or only one trunk respec- 
tively for the efferent pathway. From the results of Agostoni et al. (1957), who 
showed that 90% of the 31,000 fibres in the abdominal vagus nerves of the cat 
are afferent, it can be calculated that the afferent pathways contained some 
7000—14,000 fibres, and the efferent pathways 1500—2000 fibres. 

Although no measurements were made of splanchnic blood flow, it seems 
unlikely that the reflex effects on secretion and motility are secondary to vaso- 
motor changes, as the alterations produced in the arterial blood pressure level 
by stimulation of the abdominal vagus nerves are slight and evanescent. 
Against the view that these reflexes may occur in normal digestion it might be 
argued that they are merely part of the vomiting reflex, of which the somatic 
manifestations were suppressed by high spinal section or tubocurarine. Un- 
doubtedly some of the effects observed, such as the inhibition of gastric 
motility and increased intestinal motility have been described in nausea and 
vomiting. On the other hand the stimulation of gastric and pancreatic 
secretion and the gastric motor responses which followed afferent vagal stimu- 
lation in these experiments have not been described in vomiting, with which 
they clearly have no functional connexion. 

In the gastric secretory response the amounts of pepsin in the gastric contents 
after afferent and efferent stimulation were considerable, but the acid secretion 
was small, particularly in response to afferent stimulation. All the animals were 
receiving artificial respiration, and the pump stroke was adjusted until the 
animals were just attempting to breathe. Nevertheless, some of them may 
have been overventilated, with a consequent reduction in the responsiveness of 
the oxyntic cells to vagal stimulation (Browne & Vineberg, 1932). Some of the 
pepsin recovered in the gastric contents after stimulation may have accumu- 
lated in the glandular tubules during the pre-operative fasting period and been 
washed out by the flow of acid, but there are several reasons for regarding the 
increases in pepsin after afferent stimulation as evidence of a real secretion by 
the chief cells of the glands. If the pepsin recovered were merely washed out 
from the tubules one would expect the amount to be progressively reduced on 
subsequent stimulations. There was in fact usually no reduction in the pepsin 
output in response to repeated afferent stimulation, and in experiments in 
which the splanchnic nerves were cut after the first afferent stimulation the 
pepsin response to a subsequent stimulation was often considerably enhanced. 
The mean pepsin output elicited by afferent stimulation was the same as the 
mean response to stimulation of the efferent fibres, which has been shown by 
ot|.er workers to produce a discharge of pepsinogen granules from the chief cells 
(Bowie & Vineberg, 1935). Finally, the ratio of pepsin to acid in these experi- 
ments was much greater than in the gastric secretion produced by histamine, 
which is thought to stimulate only the oxyntic cells. 
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Although the effects of electrical stimulation of efferent vagal fibres on acid 
and pepsin secretion are well established (Pavlov, 1902; Bowie & Vineberg, 
1935; Heslop, 1938; Linde, 1950, 1953) there appears to be no previous work on 
the gastric secretory response to direct stimulation of afferent fibres in the 
abdominal vagus nerves. There is clear evidence that humoral agents are 
concerned in the gastric secretory response to mechanical or chemical stimula- 
tion of the gastric and intestinal mucosa (see Grossman, 1950), but the possibility 
that the secretion may in part be reflexly excited through afferent and efferent 
fibres in the abdominal vagus nerves has received little consideration. The 
abolition of the cephalic phase of gastric secretion by vagotomy is well estab- 
lished, but much less attention has been paid to its effect on the gastric and 
intestinal phases. It has been shown that the response to gastric distension 
(Bezborodko & Voronova, 1938), to meals or meat extracts introduced through 
a gastrostomy (Orbeli, 1907; Ferguson, 1953) or to caffeine instilled through a 
stomach tube (Meyer, Rosi & Stein, 1948) is reduced by vagal denervation. 
Since, however, the response to direct stimulants of the glandular cells, such as 
histamine, pilocarpine and gastrin, was also reduced, these results do not 
support the concept of a reflex element in the gastric and intestinal phases of 
secretion. The only previous observation which might be regarded as evidence 
of a secretory reflex is that of Code & Watkinson (1955), who showed that the 
acid gastric secretion produced by intraduodenal instillation of 0-1N-HCl or 
0-9°%% (w/v) NaCl solutions was dependent on the vagal innervation of the 
stomach. 

The ineffectiveness of afferent vagal stimulation in altering the volume of 
secretin-stimulated pancreatic juice is not surprising, as it has been shown, 
both in the present experiments and by other workers, that stimulation of 
efferent vagal fibres in the cat does not affect the volume of pancreatic secre- 
tion, although the enzyme content of the juice is increased (Korovitsky, 1923; 
Sergeyeva, 1938; Harper & Vass, 1941; Harper & Mackay, 1948). The increased 
enzyme secretion which followed afferent vagal stimulation in a number of our 
experiments was not observed by Harper & Vass (1941), who found that the 
enzyme output was unaffected or diminished by stimulation of the central end 
of the ventral vagus trunk. In their experiments, however, only weak stimula- 
tion was applied to the nerve, to avoid vomiting movements. The demonstra- 
tion of fibres in both vagus trunks which on stimulation increase enzyme out- 
put contradicts Harper & Vass’s statement that such fibres are present only in 
the dorsal vagus trunk. A possible explanation of the discrepancy is the use by 
these workers of induction coils, which may have provided stimuli insufficient 
in intensity and pulse width to excite the small non-myelinated fibres in t!ie 
ventral trunk. 

The extrinsic nerves to the pancreas provide the efferent pathway for a 
psychic reflex which Pavlov considered of little importance, but otherwise their 
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role in normal digestion is unknown. As the result of many observations in the 
last 50 years on the response of the pancreas to intestinal extracts and excitants 
in the intestine there is general agreement that the hormones secretin and 
pancreozymin play a dominant part in regulating pancreatic secretion (Wang & 
Grossman, 1951), with a caveat from Thomas and his associates about the 
possible importance of a local reflex control (Thomas, 1950). The demonstra- 
tion that the efferent fibres to the pancreas may be reflexly excited through 
afferent vagal fibres from the abdomen must also be borne in mind in identify- 
ing the mechanism of the pancreatic response to intestinal excitants. 

Both afferent and efferent vagal stimulation excited intestinal muscle and 
produced a mixture of excitor and inhibitor effects on gastric motility, the 
reflex effects being predominantly inhibitor and the efferent mainly excitor. 
By our method of recording it was not possible to determine whether the 


_ phasic intestinal contractions were normal peristaltic waves or antiperistaltic 


movements. We have been unable to confirm the observations of earlier 
workers that the nature of the gastric response is determined by the frequency 
or intensity of the stimulation (Veach, 1925), or by the degree of pre-existing 
muscle tone (McCrea, McSwiney & Stopford, 1925; McSwiney & Wadge, 1928). 
There have been a number of reports (Bayliss & Starling, 1899; Wertheimer, 
1892; Veach, 1925; Hodes, 1940; Babkin & Kite, 1950) of reflex stimulation or 
inhibition of gastric and intestinal motility elicited by stimulation of the central 
end of a vagus nerve in the neck, a procedure vigorously criticized by Whitter- 
idge (1952). A vagal reflex contraction of the reticulum of the ruminant 
stomach on stimulation of the central end of the abdominal vagus has recently 
been described (Iggo, 1956; Titchen, 1958). 

Impulses have been recorded in the vagus nerves from afferent endings in the 
gastro-intestinal tract sensitive to tension and pH changes (Iggo, 1957a, 6; 
Paintal, 1954). When, however, one seeks parallels between the reflex effects of 
stimulating such endings and the responses to nerve stimulation, the picture is 
far from clear. It is generally accepted that the inhibition of gastric tone and 
motility in,vomiting is reflex (Borison & Wang, 1953) but the gastric inhibitory 
effects of distending, or putting acid in, the duodenum have been variously 
attributed to long vagal reflexes (the enterogastric reflex), to local reflexes or to 
a mixture of the two (Thomas, Crider & Morgan, 1934; Brunemeier & Carlson, 
1915). The increased intestinal motility following ingestion of a meal, the 
gastro-ileal reflex of Hertz (1913), has also been explained on a basis of long 
reflexes, local reflexes or a mixture of the two (Douglas & Mann, 1939; Gergory, 
1950). We did not observe the vagally-mediated inhibition of intestinal tone 
and motility which has been found to accompany nausea and vomiting pro- 
duced in dogs by small doses of apomorphine (Gregory, 1946, 1947). 

With the exception of the predominantly inhibitor effects on gastric motility 
the reflex responses to stimulation of the abdominal vagus nerves were always 
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excitor. There was usually little or no background secretion of acid pepsin or 
amylase to be inhibited, but in a few experiments there was spontaneous gastric 
secretion or a high level of amylase output, and in none of these was a reflex 
inhibition observed. Nevertheless, the effects which followed section of the 
splanchnic or vagus nerves in the course of experiments indicate the removal of 
inhibitory influences. The increase in tone and appearance of spontaneous 
movements in the stomach and the increased output of acid and pepsin on 
stimulation after section of the splanchnic nerves were not unexpected, and 
may have been in part secondary to effects on the splanchnic circulation. More 
surprising was the increase in pepsin secretion and gastric tone and motility 
after all the abdominal vagus supply was cut. The increased pepsin output was 
not secondary to the increase in motility, since these two effects were dissociated 


| 
Type of stimulation 
Afferent Efferent 
Total ‘No. of of 
no. of positive no. of positive 
trials responses Mean response trials responses response 
Gastric acid 63 36 0-13 m-equiv HCl 61 37 0-20 m-equiv 
Gastric pepsin 63 44 u. 63 45 u 
Pancreatic volume 35 0 — 29 0 _ 
Pancreatic amylase 35 14 45u 29 16 79 u 
Motility, gastric 56 43 65 52 
Motility, intestinal © 43 35 48° 28° 
Mt 
* All branches. t Omitting ventral vagus trunk. 


in many experiments. This inhibitory vagal influence on the cat’s stomach 
resembles the vagally mediated inhibition of gastric secretion in the dog 
observed by Code & Watkinson (1955) and Sircus (1958) when acid was put in 
the duodenum. Increases in gastric tone immediately after vagal section have 
also been noted by Carlson, Boyd & Pearcey (1922) and Veach (1926). 

For each of the gastric, pancreatic and intestinal functions investigated the 
proportions of the total responses to afferent stimulation which were positive 
have been compared with one another, and with the corresponding figures for 
efferent stimulation. The figures, with the mean secretory responses, are set out 
in Table 1. The low proportion of intestinal responses to efferent stimulation is 
due to the failure of most ventral-vagus-trunk stimulations to produce any 
effect. This may indicate that the ventral trunk is distributed mainly to the 
stomach, but is more likely to be the result of its intestinal branches being 
damaged by the ligature round the pyloric sphincter. With these results 
excluded it can be seen that the reflex motor effects are the most frequently 
elicited. Of the secretory responses the reflex effect on pancreatic amylase was 
the most difficult to demonstrate, and the mean response was less than that 
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produced by efferent stimulation. These facts, coupled with the observation 
that the pancreas responds much less to afferent stimulation than to pancréo- 
symin, suggest that the vago-vagal reflex is of little importance in the regula- 
tion of pancreatic secretion. 

The experiments described establish that vago-vagal reflex effects can be 
produced by direct stimulation of afferent fibres. Many of the effects on secre- 
tion and motility are those which occur in normal digestion rather than mere 
accompaniments of a vomiting reflex, but by their nature such experiments 
cannot establish the importance or indeed the existence of these reflexes in the 
regulation of digestion. The digestive system can function when the vagus and 
splanchnic nerves are cut, and it has been illogically assumed that these nerves, 
apart from affording an efferent pathway for cephalic reflexes and an afferent. 
pathway for visceral pain, play little part in regulating digestive functions in 
the intact animal. It is claimed that certain motor effects depend at least in 
part on reflex pathways through the central nervous system, but the usual 
textbook account of digestive secretions stresses hormonal control almost 
exclusively, and ignores any nervous regulation other than cephalic. To estab- 
lish the physiological importance of vago-vagal reflexes it would be necessary 
to record and identify the nervous traffic in the abdominal vagus nerves during 
digestion. Until such an investigation becomes technically feasible the present. 
work may serve to remind gastroenterologists of the existence of these reflex 
pathways which could be a means of regulating the activities of the digestive 


system. 
SUMMARY 


1. Stimulation of the central end of an abdominal vagus branch in the cat. 
tesulted in a reflex secretion of acid and pepsin by the stomach and, less 
frequently, amylase by the pancreas. 

2. Stimulation of efferent fibres in the abdominal vagus nerves resulted in 
well-marked increases in acid and pepsin secretion by the stomach and amylase 
by the pancreas. 

3. The response of gastric muscle to afferent nerve stimulation was of two 
types. 80% of the responses consisted of a loss of tone which outlasted stimu- 
lation, and in half of these small contractions were superimposed on the fall of 
tone. In the remaining 20% small contractions occurred without the fall in 
tone. 

4. During each period of stimulation of efferent vagal fibres there was a 
considerable gastric contraction, which in about half the experiments was 
superimposed on a background of diminished tone produced by and outlasting 
the series of stimulations. 

5. Contractions of a loop of small intestine were produced by either afferent 
or e‘lerent vagal stimulation. 
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6. The reflex secretory and motor changes were abolished after section of the 
vagus nerves in the neck or thorax. 

7. After vagal section there was a progressive increase in gastric tone 
associated with the appearance of spontaneous contractions in two-thirds of 
the experiments, and an increase in the basal output of pepsin in one-third of 
the experiments. The increase in enzyme output was independent of the motility 
changes. 


We wish to thank Professor W. D. M. Paton for providing us with a sample of the di-iodide of 
D-tubocurarine dimethy] ether. 
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POST-ACTIVATION POTENTIATION OF GASTRIC AND 
INTESTINAL CONTRACTIONS IN RESPONSE TO 
STIMULATION OF THE VAGUS NERVES 


By E. L. BLAIR, A. A. HARPER, C. KIDD* anp T. SCRATCHERD 


Department of Physiology, Medical School, King’s College, University of 
Durham, Newcastle wpon Tyne 1 | 


(Received 27 April 1959) 


It,is well established that a period of increased responsiveness may follow 
repetitive stimulation of nervous tissue. In general the repetitive stimulation 
must be applied to fibres terminating on motor end-plates or in synapses in the 
central nervous system or autonomic ganglia, and the extent and duration of 
the facilitation is measured by the subsequent change in response to a standard 
stimulus, either single volleys or repetitive stimulation at a slower rate. The 
phenomenon has been described in nerve-muscle preparations, monosynaptic 
and polysynaptic spinal reflex arcs, the visual, auditory and olfactory path- 
ways, and the autonomic nervous system. The duration of the increased 
responsiveness and the ‘optimum’ frequency of the facilitatory stimulation 
vary greatly for different systems. The preferred hypothesis at present is that 
fast repetitive stimulation causes a persisting hyperpolarization of the termina- 
tions of the presynaptic or motor fibres with a consequent increase in the 
amount of transmitter substance released in response to subsequent test 
stimulation. The subject has been reviewed by Fatt (1954), J. C. Eccles (1957) 
and Hughes (1958). 

In the autonomic nervous system previous investigations of the facilitation 
following repetitive stimulation of preganglionic fibres have been confined to 
the sympathetic division (Cannon & Rosenblueth, 1937; Larrabee & Bronk, 
1938, 1947; Bronk, 1939; Laporte & Lorente de Né, 1950; R. M. Eccles, 1952). 
During an investigation of vagal reflex effects on gastro-intestinal secretion 
and motility, enhancement of gastric and intestinal motor responses to efferent 
vagal stimulation has been observed after short periods of fast repetitive 
stimulation of the nerve. These effects will be referred to as post-activation 
potentiation (Eccles, 1957). A preliminary account of the observations has 
been published (Harper, Kidd & Scratcherd, 1957). 
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METHODS 

Observations were made on 62 unfed cats, anaesthetized with ether, followed by chloralose 
(75 mg/kg body weight). The splanchnic nerves were cut extraperitoneally. The stomach was 
intubated through the oesophagus and the pylorus was occluded. 25 ml. 0-005n-HCl was run 
into the stomach and gastric contractions were recorded by connecting the stomach tube to a 
water manometer, which was in turn connected to a volume recorder. At 15 min intervals the 
stomach contents were siphoned off and replaced by a fresh 25 ml. of acid. Before recording was 
restarted the fluid level in the manometer and the tip of the writing lever on the kymograph were 
adjusted to reference levels by means of a syringe and a three-way tap. Intestinal motility was 
recorded in a similar manner from a duodeno-jejunal loop filled with 0-9% (w/v) saline. In a 
number of experiments the acid and pepsin of the gastric contents were measured. 

After removal of the 8th or 9th rib, one or other of the branches or of the main trunks of the 
abdominal vagus nerves was identified and cut. The peripheral or central end of the cut nerve was 
stimulated either through electrodes left on the nerve throughout the experiment (Schofield, 
1952) or by shielded silver electrodes applied to the nerve only during the periods of stimulation. 
The nerves were stimulated by square-wave pulses, variable in length, strength and frequency, 
from an electronic stimulator. The chest was closed after preparation of the nerve and between 
stimulations with the shielded silver electrodes. Respiration was maintained by a Starling Ideal 
Pump. 

For the administration of drugs a fine polythene tube was passed centrally along the splenic 
artery. It was shown by retrograde injection of methylene blue that material injected by this 
route was rapidly distributed throughout the gastric circulation. (For a more detailed description 
of methods see Harper, Kidd & Scratcherd, 1959.) 


RESULTS 

Potentiation of gastric contractions in response to efferent vagal stimulation 
In the anaesthetized fasting cat there is usually little spontaneous movement 
in the stomach. Since single pulses applied to the efferent fibres in the ab- 
dominal vagus supply induce only a slight contraction of the stomach, repeti- 
tive volleys at a slow rate were used as the test stimulus. The pulses were of 
1 msec duration, at a frequency of 1—5/sec. The period of stimulation varied in 
different experiments from 3-30 sec, being in most cases 15 or 30 sec. The 
voltage was adjusted until the contraction became maximal for that particular 
frequency and duration of stimulation. A further increase in voltage either 
had no effect on the height of contraction or in many instances reduced it. 

Very constant responses were obtained to repeated stimulations, identical 
in voltage, frequency and duration, applied at intervals of 30 or 60 sec. If now 
a period of stimulation at an increased frequency of 20-50/sec was substituted 
for part or all of a test stimulus, the responses to subsequent test stimuli at 
slow rates were very much increased. The increase in height of contraction was 
usually greatest in the first, or sometimes in the second, minute after the fast 
stimulation. The increase became less marked in succeeding responses, but 
could be detected on the record up to 7 min after the fast stimulation. In many 


experiments the duration of the fast stimulation has been 20-30 sec, but well- 


marked potentiation of response has been observed after periods of fast 
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stimulation as brief as 2-5 sec (Fig. 1). The response to the potentiating fast 
stimulation might be itself greater than those to the preceding test stimuli. 
The subsequent enhancement of the responses to the test stimuli was not, 
however, dependent upon such an increase in the response to the fast stimula- 
tion, since good post-activation potentiation was observed in many experi- 
ments where the response to the fast stimulation was not increased, and might 
even be decreased or absent. 


16- 
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F Tmin 
Fig. 1. The gastric contractions in response to 30 sec periods of slow stimulation (S- —) at 
5/sec (5 V, 1 msec) of the peripheral end of the ventral vagus trunk were potentiated for 5 min 
after a 2-5 sec period of stimulation at 50/sec (F). In this and other records the ordinate scale 
shows the manometer pressure (cm H,O) and RB is the reference level to which the recording 
lever of the water manometer was adjusted at the beginning of each recording period. 


As the efferent fibres in the cat’s abdominal vagus trunks are almost all 
small non-myelinated C fibres (Agostoni, Chinnock, Daly & Murray, 1957), it 
seemed reasonable to suppose that the long-lasting potentiation of the 
responses after fast repetitive stimulation of these fibres was related to the 
post-activation enhancement of the action potential in such fibres, described 
by Brown & Holmes (1956). It was found, however, that if the slow test 
stimuli were applied to one vagal branch, and the fast potentiating stimulus to 
another branch, enhancement of the responses to subsequent slow stimuli still 
occurred (Fig. 2). Indeed, the facilitation observed in such ‘crossed potentia-_ 
tion’ experiments was often considerably greater than when the test and 
potentiating stimuli were applied to the same nerve (Fig. 3). 

In these experiments the increase in gastric contractions could not be the 
result of a post-activation increase in the action potential and consequent 
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alteration in the terminations of the preganglionic vagal fibres passing to 
Auerbach’s plexus, since these changes occur only in fibres which have con- 
ducted impulses at a high frequency. Clearly the site of the potentiation must 
lie further ‘down stream’. It might be in Auerbach’s plexus, either at the 
synapses or at the presynaptic terminations of whatever relays of neurones 
may be interposed between the preganglionic vagal fibres and the gastric 
muscle. On the other hand, it might be in or on the gastric muscle itself. 


a b 


| Hill |, 


F T-min 
Fig. 2. Examples of ‘cross potentiation’ of gastric contractions. The responses to 9 sec periods of 
slow stimulation (S —- —) at 5/sec (10 V, 1 msec) were potentiated by 30 sec periods of fast 
stimulation at 50/sec (F'). In (a) the slow stimulation was applied to the peripheral end of the 
ventral vagus trunk, and the fast stimulation to the peripheral end of the dorsal vagus trunk. 
In (6) the slow stimulation was applied to the dorsal, and the fast to the ventral trunk. 


4 


To decide between these two sites it was necessary to compare the facilita- 
tory effect of fast nerve stimulation on slow stimulation with its effect on some 
agent which would stimulate the gastric muscle without having any action on 
the ganglion cells of Auerbach’s plexus. Acetylcholine seemed the most suitable 
substance to use, since it stimulates gastric muscle in doses very much smaller 
than those required to stimulate ganglion cells. Gastric contractions were 
produced alternately by slow stimulation of a vagal branch and by retrograde 
intra-arterial injections into the splenic artery of small amounts (5 yg) of 
acetylcholine. The duration of the nerve stimulation was adjusted so that the 
responses to the nervous and chemical stimuli were approximately the same. 
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After the application of fast stimulation to the nerve the usual potentiating 
effect was observed in the responses to subsequent slow stimulation, but the 
responses to acetylcholine were somewhat reduced (Fig. 4). From the absence 
of potentiation of the response to acetylcholine it seems likely that the site of 
the post-activation potentiation lies in Auerbach’s plexus and not in the 


gastric muscle. 
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Fig. 3. Potentiation of gastric contractions. 15 sec periods of fast stimulation (F) at 50/sec 
(15 V, 1 msec) of the peripheral end of the right vagal branch to the dorsal vagus trunk 
produced a less marked potentiation of the responses to slow stimulation (S - —) at 5/sec 


when these were applied to the same nerve in (a) than when the slow stimulation was applied 
to the left vagal branch to the dorsal vagus trunk in (5). 


It has been suggested (Grundfest, 1957) that post-activation potentiation 
may be linked with the accumulation at the synapses after fast stimulation of 
a chemical substance involved in normal synaptic transmission, or the break- 
down product of such a substance. In a few experiments the effect on the 
responses to slow stimulation of injecting various such substances into the 
gastric circulation has been investigated. No effect was produced on the 
responses by 0-1-5-0 mg KCl, 0-5 mg CaCl,, 0-5-1-0 mg sodium acetate or 
40 ug acetylcholine, but choline chloride in some but not all experiments 
enhanced the response to slow vagal stimulation (Fig. 5). 

In most of the experiments reported in this paper only the vagal branch to 
be stimulated was cut. When during the course of a few experiments the 
remaining vagal connexions between the abdomen and the central nervous 
system were cut, either in the thorax or in the neck, it was noted that subse- 
quent post-activation potentiations were increased in degree and duration. 
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Although the stomach in fasting chloralosed cats is usually quiescent, not 
infrequently a period of fast stimulation not only produced a contraction during 
its application, but seemed to initiate contractions, irregular in extent and 
time of occurrence, which persisted for many minutes after the stimulation. 


64 ACh 

Fig. 4. Gastric contractions were produced alternately by intra-arterial injections of 5 ug acetyl- 
choline (ACh) and 3 sec periods of stimulation (S - —) of the peripheral end of the ventral 
vagus trunk at 5/sec (15 V, 1 msec), After a 10 sec period (F) of stimulation of the same 
nerve at 50/sec the responses to slow stimulation were enhanced, but the responses to acetyl- 
choline were somewhat reduced. 


15) 


120 ug choline 47min 09% saline 1 mg choline 


Fig. 5. Gastric responses to 20 sec periods of stimulation (S —- -) of the peripheral end of the 
ventral vagus trunk at 5/sec (15 V, 1 msec) were increased during a slow intra-arterial injec- 
tion of 120 ug choline chloride in 5 min, and a more rapid intra-arterial injection of 1 mg 
choline chloride in 30 sec. Intra-arterial injection of 0-9 % saline for 5 min had no effect on 
the size of the contractions. 


-These contractions seem to bear no relationship to, and on records could be 
easily distinguished from, the enhanced responses to test stimuli during the 
period of post-activation potentiation. . 

By the recording method used it is impossible to distinguish between 
peristaltic waves and changes in gastric tone. When the stomach was observed 
directly with the abdomen opened there appeared to be both an increase in 
tone and a peristaltic movement during the response to vagal stimulation. 
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Potentiation of intestinal contractions in response to efferent vagal stimulation 

In a number of experiments the responses of a loop of small intestine to 
efferent vagal stimulation were recorded simultaneously with those of the 
stomach. The intestinal contractions in response to slow stimulation at 5/sec 
were small, and were markedly potentiated by a period of fast stimulation at 
50/sec. The duration of the potentiation of intestinal contractions was often 
longer than that of gastric contractions, the maximal duration being 11 min 
for the intestine and 7 min for the stomach. Occasionally the small intestine 
did not respond to the slow stimulation until after the fast potentiating stimulus 
had been applied. 


Potentiation of reflex gastric and intestinal contractions 

It has been shown that stimulation at frequencies of 30-50/sec of the central 
end of a vagal branch supplying the abdomen produces reflex effects upon the 
stomach and intestine through the intact efferent vagal fibres (Harper et al. 
1959). On the stomach the effect is predominantly inhibitory, in the form of a 
persistent loss of tone throughout and for some time after a series of stimula- 
tions. Occasionally during each period of stimulation a slight contraction was 
superimposed on the background of reduced tone. On the intestine the effect 
was always excitatory. 

In a number of experiments the frequency of stimulation of the afferent 
vagal fibres was reduced to 5/sec and the effect of interposing a potentiating 
stimulation at 50/sec was observed. On the intestine the slow stimulations 
before potentiation produced only small reflex contractions. After the 
potentiating stimulation the contractions in response to slow stimulation were 
very much increased and thereafter gradually diminished to a steady level, 
the same as or slightly greater than that of the pre-potentiation responses 
(Fig. 6). The effects of the potentiating stimulus could be detected in these 
reflex responses for periods of 20-35 min. This is in contrast to the maxima of 
7 min potentiation on the stomach and 11 min potentiation of intestinal con- 
tractions which have been observed after stimulation of efferent vagal fibres. 
Slow stimulation of afferent vagal fibres had usually no effect on the stomach 
before or after a potentiating stimulus. Occasionally slow stimulations before 
potentiation produced a slight loss of tone, and after potentiation small con- 
tractions occurred in response to each period of slow stimulation. In addition 
to the difference in duration of the post-activation potentiation of intestinal 
responses, the reflex and direct potentiations differed also in that the reflex 
responses were much more capricious. Even in those experiments where a 
well-marked potentiation of intestinal contractions occurred at the beginning 
of an experiment it was often impossible to repeat the observation an hour or 
two later. 
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Fig. 6. Records of intestinal contractions in response to 12 sec periods of stimulation (S — —) of 
the central end of the left vagal branch to the dorsal vagus trunk at 5/sec (25 V, 1 msec). The 
very small responses were markedly potentiated after a 15 sec period of stimulation at 
50/sec (F). The second and third records commence at the 17th and 29th min, respectively, 
after the potentiating stimulation. The potentiation of the responses to slow stimulations 
was detectable for 35 min after the potentiating stimulation. 


Effects on gastric secretion 

In sixteen experiments attempts were made to determine whether the 
secretion of gastric acid and pepsin in response to slow stimulation could be as 
dramatically potentiated by fast stimulation as could the gastric motility. 
The output of acid and pepsin when a potentiating stimulus was followed 
during the next 10 min by 30 sec periods of stimulation at 5/sec was compared 
with that when the slow stimulations preceded the period of fast stimulation, 
which in these circumstances would not be expected to have a potentiating 
effect. No clear evidence of increased acid and pepsin secretion has been 
obtained, even although the conditions of the stimulation were such as have 
dependably and repeatedly produced potentiation of gastric motility. 


DISCUSSION 


The experiments reported in this paper demonstrate a post-activation potentia- 
tion of responses to stimulation of the parasympathetic division of the auto- 
nomic nervous system. The facilitation of the gastric contractions appears to 
occur in Auerbach’s plexus. 

The time course of the facilitation of gastric contractions is similar to that 
described by Larrabee & Bronk (1947) and R. M. Eccles (1952) for sympathetic 
ganglia, in which however potentiation was produced only over homosynaptic 
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pathways, i.e. the test and potentiating stimuli were applied to the same nerve 
fibres. These workers concluded that the prolonged facilitation was due to a 
persistent alteration of the terminals of the preganglionic fibres and suggested 
that an increased liberation of acetylcholine might accompany each pre- 
synaptic impulse during the period of prolonged facilitation. Hill (1950) 
reported that in giant nerve fibres a swelling of the fibre occurred during 
repetitive stimulation and J. C. Eccles (1953) suggested that a similar swelling 
of synaptic knobs during repetitive stimulation of non-myelinated presynaptic 
fibres would increase the effectiveness of subsequent stimulation. 

Brown & Holmes (1956) and Ritchie & Straub (1956) recorded action 
potentials in nerves containing C fibres, including preganglionic vagal fibres, 
and suggested that the enhanced action potential observed after repetitive 
stimulation was due to hyperpolarization of the fibres. It has been demon- 
strated by del Castillo & Katz (1954) that impulses arriving at hyperpolarized 
nerve terminals cause an increased quantal release of transmitter substance. 
Such an increase might explain the facilitation of gastric contractions observed 
when the fast repetitive stimulation and the slow test stimuli were applied to 
the same branch of the vagus nerves. It would not, however, without modifica- 
tion, explain the facilitation observed in the ‘crossed potentiation’ experi- 
ments when the fast and slow stimulations were applied to different vagal 
branches (i.e. the stimuli passed over heterosynaptic pathways). 

Although heterosynaptic facilitation was not found to occur in sympathetic 
ganglia it has been observed in polysynaptic spinal reflexes by Eccles & 
McIntyre (1953), Harbarth & Naess (1950) and Wilson (1955). It is explained 
by Wilson in terms similar to those used by Lloyd (1949) to explain the homo- 
synaptic potentiation in monosynaptic reflexes. Wilson suggested that during 
fast repetitive stimulation of an afferent nerve the interneurones may fire at 
a high enough frequency to cause a hyperpolarization of their endings. 
Subsequent stimulation of another afferent pathway (heterosynaptic) im- 
pinging on these interneurones would then produce an increased response. 
A similar explanation might account for both the homosynaptic and the 
‘crossed potentiation’ or heterosynaptic facilitations of gastric motility, if 
there were present in Auerbach’s plexus neurones analogous to the inter- 
neurones of the spinal cord, and if conduction across the synapses in the 
plexus occurred at a rate sufficiently fast to allow hyperpolarization of the 
endings of these neurones. The Dogiel Type 1 cells, which have been described 
in Auerbach’s plexus (Mitchell, 1953), might subserve this function. These cells 
are multipolar and form synaptic connexions with the Dogiel Type 2 cells, 
which give rise to axons innervating the smooth muscle and glands of the 
‘stomach. There is no information about the rate of conduction across synapses 
in Auerbach’s plexus. 

It is difficult to assess the significance of the experiments in which choline 
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chloride produced facilitatory effects resembling post-activation potentiation. 
Grundfest (1957) has suggested that a synaptic accumulation of a break-down 
product of the transmitter such as choline might be a factor in post-activation 
potentiation. Hutter (1952) described the restoration of transmission in 
curarized neuromuscular preparations by choline, and suggested that choline 
may increase the output of acetylcholine from the motor nerve endings. More 
recently del Castillo & Katz (1957) have shown that the action of acetylcholine 
is potentiated by choline when the two substances are applied to the frog 
motor end-plate by micropipette. The effects of choline injections on gastric 
contractions were not constantly reproducible, in this resembling the effects 
of choline on the perfused superior cervical ganglion described by Brown & 
Feldberg (1936). But it has since been shown that in ganglia perfused with 
Locke’s solution, as in Brown & Feldberg’s experiments, there is a depletion 
of acetylcholine stores, which can be prevented by the addition of choline to 
the perfusing fluid (MacIntosh, 1959). There is no evidence of a depletion of 
transmitter substance, due to choline deficiency, in organs with their circula- 
tion intact, as in our experiments. 

The prolongation and increase in the degree of potentiation of gastric con- 
tractions, after division of the remaining vagal branches, resembles the pro- 
longation of potentiation of monosynaptic spinal reflexes observed by Granit 
(1956) after severance of the muscle nerve, which in effect cut off inhibitory 
impulses in the afferent nerves from the muscle, curtailing the state of poten- 
tiation. That in the condition of our experiments the abdominal vagus nerves 
were often exerting an inhibitory effect was shown by the increase in gastric 
tone and motility observed in many experiments after section of these nerves 
(Harper et al. 1959). The increased and prolonged post-activation potentiation 
after complete vagal section may also be explained as due to removal of a 
reflex inhibition mediated through the afferent fibres which form 90°, of the 
total in the abdominal vagus trunks. 

The increased response of the intestinal muscle to slow afferent vagal stimu- 
lation after fast stimulation is an interesting example of post-activation 
potentiation in an autonomic reflex arc through the brain stem. We can offer 
no explanation of why the facilitation of intestinal movements persisted longer 
after afferent than after efferent nerve stimulation, nor of our failure to obtain 
evidence of post-activation potentiation of acid and pepsin secretion. It should 
perhaps be stressed that the stimulation used in the observations on secretion 
was that found effective in eliciting facilitation of motor activities. It may be 
that potentiation of secretion could be produced by other conditions of 
stimulation. 

Contradictory conclusions about the physiological importance of post- 
activation potentiation elsewhere in the nervous system have been reached by 
different authors, Strém (1951), for example, finding it of little significance, 
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and Granit (1956) claiming that it plays a major part in the physiology of the 
central nervous system. Two considerations are tentatively advanced in favour 
of the view that the facilitation of gastric contraction described in this paper 
may be functionally important; the potentiation is produced by frequencies 
of stimulation at which the efferent vagal fibres might be expected to conduct, 
and it affords a simple means of reconciling the multiplicity of effects attri- 
buted to the efferent vagal supply to the abdomen with the very small number 
of efferent fibres available. 

On the first of these points there is no information about the rate of conduc- 
tion in small non-myelinated efferent vagal fibres, but rates up to 20/sec have 
been described in sympathetic fibres centrally connected (Adrian, Bronk & 
Phillips, 1932; Bronk, Ferguson, Margaria & Solandt, 1936) and records have 
been published of impulse frequencies up to 30/sec in non-myelinated vagal 
afferent fibres (Iggo, 1957). Facilitation was produced in our experiments by 
frequencies of stimulation between 20 and 50/sec. 

On the second point, of the 31,000 fibres in the cat’s abdominal vagus trunks 
at the level of the diaphragm less than 10% are efferent in function (Agostoni, 
et al. 1957). These 3000 fibres are concerned with the secretion of acid and 
pepsin by the stomach, the secretion of pancreatic enzymes and the control 
of the motility of the stomach and small intestine. Since a discharge of im- 
pulses at 20-50/sec for only a few seconds may produce a post-activation 
potentiation of gastric and intestinal motility for many minutes, it may be 
this phenomenon, combined with and based on the widespread connexions of 
the preganglionic vagal fibres with the neurones of Auerbach’s plexus, which 
explains the economic accomplishment of at least the motor functions of the 
abdominal vagus nerves by such a surprisingly small number of fibres. 


SUMMARY 


1. The effects of afferent and efferent stimulation of the abdominal vagus 
nerves on the motility of the stomach and small intestine of the cat have been 
recorded, 

2. Constant responses are obtained with intermittent efferent stimulation 
at_a slow rate of 1-5 impulses/sec. These responses are potentiated by a 
preceding period of fast stimulation at 20-50 impulses/sec. The duration of 
potentiation is up to 7 min in the case of the stomach; it is often longer in the 
case of the small intestine, where the maximum recorded is 11 min. Potentia- 
tion is increased in degree and duration when all the vagal connexions between 
the abdomen and the central nervous system are cut. 

3. Potentiation of the gastric response to slow stimulation occurs when the 
fast stimulation is applied either to the same branch of the nerve as the slow 
stimulation, or to another branch of the vagal nerve supply to the stomach. 
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4. Evidence is presented which suggests that the site of potentiation is in 
Auerbach’s plexus. 

5. Choline chloride injected into the gastric circulation also enhances the 
response of the stomach to slow efferent vagal stimulation in some instances; 
no such effect is produced with potassium chloride, calcium chloride, or sodium 
acetate. 

6. Motility responses of the small intestine to reflex stimulation at slow 
rates are also potentiated by a preceding period of fast stimulation. This 
potentiation is observed for as long as 20-35 min. 

7. Potentiation of motility is not accompanied by potentiation of the 
secretion of acid or pepsin by the stomach. 
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A PHARMACOLOGICAL ANALYSIS OF THE CONTRACTILE 
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University of Leeds 
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The anterior retractor muscle of the byssus (ARMB) of Mytilus edulis can 
produce a long-continued contraction either as a result of electrical stimulation 
or of application of acetylcholine (ACh). This contraction, which is well main- 
tained, is followed by gradual relaxation which can be accelerated by further 
electrical stimulation (Winton, 1934, 1936; Fletcher, 19376; Cambridge & 
Holgate, 19556) and by 5-hydroxytryptamine (5-HT) (Twarog, 1954; Cam- 
bridge & Holgate, 19556). Two mechanisms for the maintenance of the con- 
tracted state have been suggested—a ‘catch’ mechanism, or a continuous 
tetanic activity with ‘spontaneous discharge of nerve or muscle elements’. 
Evidence in support of these hypotheses has been presented by Twarog (1954) 
and by Lowy (1955) respectively. Histological evidence for the existence of 
nerve cells in this muscle has also been presented by Bowden & Lowy (1955), 
but Abraham & Minker (1957) have suggested that the supposed multipolar 
nerve cells may be artifacts. 

The present experiments deal with the action on the ARMB of drugs which 
are known to antagonize the actions of ACh on smooth muscle and glands or 
on ganglionic synapses and motor end-plates. The experiments were performed 
in order to obtain support for one or the other of the above hypotheses. 

The first part of the investigation was to establish precise conditions under 
which consistent responses of the ARMB could be replicated. This was followed 
by an investigation of the action of drugs which antagonize ACh with par- 
ticular reference to their quantitative evaluation. As a result of these experi- 
ments propantheline was found to be the most active antagonist of ACh on the 
muscle, and the action of this compound upon the contractions produced by 
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various forms of electrical stimulation was investigated. Coincidentally with 
these investigations histological examination of the muscle and nerve elements 
of this preparation was performed by one of us (J.A.8.). 


METHODS 


Mytilus edulis was obtained from Plymouth or Whitby packed in seaweed, and stored for a period 
of not more than 2 weeks in circulating artificial sea water according to the formula given by 
Lyman & Fleming (1940), at 4° C. The mussel was opened by inserting a scalpel blade between 
the shells, cutting the anterior and posterior adductor muscles. The foot and byssus organ were 
then cut away. The ARMB on the left side was separated by a cut in the mid line, and a thread 
was tied at the byssal attachment, taking care not to damage the muscle fibres. A small piece of 
shell to which the muscle was attached was then removed. This technique is similar to that 
described by Twarog (1954). The portion of shell was clamped in a holder mounted on a rack and 
pinion, and the thread was attached to a system which permitted either isometric or isotonic 
recording of responses (Holgate & Cambridge, 19585). The holder was placed in a water-jacketed 
air chamber maintained at 10° C and artificial sea water, of the composition given below, at the 
same temperature was run over the surface of the tissue. The apparatus for this technique of 
‘superfusion’ has been described by Cambridge & Holgate (1955a). Tension was applied to the 
tissue until it was restored to a fixed initial length which corresponded to the length of the muscle 
in vivo and has been referred to by Abbott & Lowy (19585) as the reference length. After a con- 
traction had been elicited the muscle was allowed to relax until this length had been reached 
before it was stimulated again. For this purpose a photocell operated by the magnified movement 
of the tissue activated a relay in the regulator unit. 

For electrical stimulation a pair of Ag—AgC! electrodes was brought in contact with the surface 
of the muscle and an initial d.c. stimulus was applied for 20 sec, followed at an interval of time 
set by the regulator unit by a train of rectangular pulses, the parameters of which were varied. 
In addition, the arrangement of the regulator unit was such that one or more drugs could be 
applied singly or in sequence, or combined with electrical stimulation. 

Since the state of tone of the ARMB is affected by the pH and composition of the bathing 
fluid, particularly by the Mg** content, and the formulae of various artificial sea waters vary 
widely, an artificial fluid was devised. This was suited to the particular experimental conditions 
and in it the ARMB gave consistent responses to a constant stimulus. Addition of glucose 
(1-0 g/l.) was found to increase the period over which such responses could be obtained. Further- 
more, if artificial sea waters were brought to the pH of natural sea water (8-4) by the addition of 
NaHCO,, by the time the fluid had reached the tissue, under the conditions of ‘superfusion’, the 
pH had decreased by a variable amount. Since the responses most suited to our purpose were 
obtained under slightly acid conditions, our fluid was used unbuffered at pH 6-2-6-4 and this 
remained unchanged during its passage from the container to the tissue. The composition of this 
fluid was: NaCl 28-3, MgCl, 2-68, MgSO, 3-53, CaCl, 1-21, KCl 0-74, glucose 1-0 g/l. 

The following drugs were used in solution in this artificial sea water. All concentrations in the 
text are given in terms of base ; acetylcholine bromide, acetyl 8-methylcholine chloride, carbaminoy]- 
choline chloride, 5-hydroxytryptamine creatinine sulphate, eserine sulphate, atropine sulphate, 
hexamethonium bromide, p-tubocurarine chloride, dimeth yl-tub ine bromide, benzoquino- 
nium chloride (Mytolon chloride; Bayer Products Ltd.), propanthelinium bromide (Pro-Banthine 
bromide;*G. D. Searle and Co.), methanthelinium bromide (Banthine bromide; G. D. Searle 
and Co.). 

Methods used in the examination of the ARMB for muscle and nerve elements included phase 
contrast microscopy and staining by iron haematoxylin, osmic acid, Bielschowsky’s silver, 
Holmes’s silver, vital staining with methylene blue, and a modification of the Koelle method for 


the histochemical demonstration of cholinesterase (Coupland, 1958) at various values of pH from 
5-4 to 7-7. 
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RESULTS 


Under conditions of fixed temperature and pH and bathed by artificial sea 
water containing glucose the isolated ARMB gave consistent responses pro- 
vided the muscle was allowed to return to a fixed initial length or tension before 
the next response was initiated. In all experiments the temperature of the 
bathing fluid was kept at 10° C, since as mentioned by Winton (1936) ‘summer’ 
temperatures do not provide suitable conditions for consistent responses. 
Decreasing the temperature of the bathing fluid from 15 to 8° C resulted in an 
increase in the magnitude of the response of the ARMB to ACh, whereas 
increasing the temperature over this range decreased the response (Fig. 1). 


Decreasing _. Increasing 
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Fig. 1. The effect of change of temperature of the bathing fluid upon the isometric response of the 
ARMB to repeated applications of ACh 2 ng/ml. The temperature was measured in the water- 
bath containing the bathing fluid and drug solutions. 


Responses to ACh and related compounds 


The application of ACh to the ARMB resulted in a fairly rapid contraction 
followed by slow relaxation. Maximal responses to any given concentration of 
ACh were achieved by the application of 30 drops of drug solution over a 
period of 1 min and the ACh was therefore always applied in this way. The 
isometric responses showed gradation of tension with increasing concentration 
of ACh, the threshold concentration of ACh being in the region of 0-2 ug/ml. 
and the maximal response occurring at a concentration of 50-80 ug/ml. The 
tension—drug concentration curve is approximately S-shaped, as is shown in 
Fig. 2. The responses to small doses of ACh were remarkably constant in 
different preparations and a concentration of ACh of 2 g/ml. always produced 
a contraction tension between 10 and 20 g. Furthermore, the time for relaxa- 
tion to initial tension was 20-30 min and this was convenient for the applica- 
tion of repeated doses. 

Kserine potentiated the response to ACh. The response to ACh 1 yg/ml. in 
the absence and in the presence of eserine 10 ug/ml. is shown in Fig. 3. The 
potentiation is about twofold in terms of tension developed; this corresponds 
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to rather less than twofold in terms of ACh concentration as assessed from the 
concentration—tension curve. 

The ARMB also responded to acetyl B-methylcholine and to carbaminoyl- 
choline but a concentration of 10 ug/ml. of either was required to produce a 
tension equal to that produced by ACh 1 pg/ml. The response produced by 
these two compounds was longer-lasting than that produced by ACh. 
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Fig. 2. Tension—co tration curve for ACh on the ARMB. Points joined with a continuous line 
were determined on one preparation. Semi-log scale. 
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10 min 


Fig. 3. Potentiation of the isometric response of the ARMB to ACh 1 g/ml. 
when eserine 10 yg/ml. is present in the bathing fluid. 


Responses to electrical stimulation 


Continuous application for 20 sec of 2-20 V d.c., the electrode nearer the 
shell being negative, produced a contraction of the muscle. The tension 
developed depended upon the voltage applied, and the contraction was 
followed, after stimulation ceased, by slow relaxation which took 5-10 min. 
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If the current was applied for longer than 20 sec the tension developed was 
slightly greater and the relaxation was more prolonged. The contraction of the 
muscle was localized and appeared as a bulge beneath the negative electrode. 

Figure 4 shows the effect of intermittent rectangular d.c. pulses applied after 
a preliminary contraction had been produced by the continuous d.c. stimula- 
tion for 20 sec. Pulses of 300 msec duration at a repetition rate of 15/min at 
the same voltage as, and applied 1 min after, the cessation of the continuous 
stimulation accelerated the relaxation of the muscle. This is shown for 5 and 
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Fig. 4. Isometric responses of the ARMB to electrical stimulation. The initial stimulus was in 
each case 7 V d.c. continuously applied for 20 sec, followed in 1 min by 300 msec rectangular 
pulses of 7 V. At A 15/min for 20 sec; at B 15/min for 80 sec; at C 60/min for 20 sec; at 
D 180/min for 20 sec. At EZ the second stimulus was 7 V d.c. continuously applied for 20 sec. 


20 such pulses in Fig. 4A and B. While the intermittent stimulus was applied 
the relaxation from the previous contraction was arrested, but afterwards 
relaxation was accelerated. Similar effects were produced by 100 msec pulses 
at 15/min with the same voltage, and by pulses of shorter duration down to 
1 msec provided the voltage was increased. With these shorter pulses the 
arrest of relaxation during stimulation was less pronounced. 

Contraction occurred during the application of the intermittent stimulus if 
the pulses were applied more frequently; the subsequent acceleration of 
relaxation was then less evident. With 300 msec pulses at 60/min a contraction 
occurred during the period of stimulation; it was then followed by a rapid 
relaxation (Fig. 4C). With 300 msec pulses at 180/min a larger contraction 
was produced and there was no acceleration of relaxation (Fig. 4D). The 
response to this combination of stimuli was identical with that shown in 
Fig. 42, where d.c. continuously applied for 20 sec was followed after 1 min 
by a further application of d.c. for 20 sec. 


Antagonists of ACh 
The duration of the response produced by large doses of ACh was in the region 
of 90 min and this made the quantitative assessment of an antagonist by the 
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usual procedures difficult. This difficulty applied to what Gaddum, Hameed, 
Hathway & Stephens (1955) termed the dose and the drug ratio and also to the 
pA value (Schild, 1947), which require half-maximal responses. Thus for con- 
venience the method adopted was to find the concentration of antagonist in 
the presence of which the response to ACh 2 g/ml. was equal! to that produced 
by ACh 1 pg/ml. in its absence; and, further, to find the concentration of ACh 
which would produce in the presence of the antagonist in this concentration a 
response equal to that given by ACh 2 ug/ml. in its absence. These may be 
regarded as modified dose and drug ratio determinations, and were made at 
equilibrium as described previously (Cambridge & Holgate, 19552). 


5 Atropine 40 ug/ml. 
§ 15 
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Fig. 5. The effect of atropine on the isometric response of the ARMB produced by ACh. The 
figures show the concentration of ACh applied; those marked ‘ + A’ containing in addition 
atropine 40 ug/ml. 


An experiment with atropine is illustrated in Fig. 5. After a series of con- 
sistent responses had been obtained to ACh 2 and 1 pg/ml. the bathing fluid 
was changed to artificial sea water containing atropine 40 ug/ml. The depres- 
sion of subsequent responses to ACh 2 ug/ml. became consistent within 45 min. 
Recovery occurred within a short time after cessation of the application of 
atropine. As the ACh solution, which was applied over a period of 1 min, did 
not contain atropine it seemed possible that some recovery had occurred 
already during this period. This was confirmed, as is shown by the increased 
depression of the responses to ACh marked ‘2+ A’ in Fig. 5 where atropine 
was present in the ACh solution. During the equilibrium period with atropine, 
ACh 5 yg/ml. gave a response equal to that produced by ACh 2 pg/ml. before 
atropine. The sensitivity to atropine in various preparations varied slightly. 
Usually a concentration of 30 ug/ml. was required to reduce by 50% the 
response to ACh 2 ywg/ml. 

Weight for weight hexamethonium and tubocurarine were as active as 
atropine in depressing the ACh response. This is shown in the experiment 
(Fig. 6) in which the antagonists were compared with atropine on the same 
preparation, allowing full recovery between exposures to successive antagonists. 
Tubocurarine differed from atropine and hexamethonium in that the initial 
depression of the ACh response was not maintained. In spite of the continued 
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presence of tubocurarine the ACh responses became greater with each subse- 
quent administration. This effect occurred with all concentrations of tubo- 
curarine used whether the initial depression was slight as with 2 ug/ml. or 
complete as with 40 ug/ml. No reason for this ‘escape’ is known. 

Dimethyl tubocurarine did not depress the ACh response even when tested 
in a concentration of 200 yg/ml.; the only effect was some retardation in the 
relaxation of the ACh contraction. 


| ACh 2 yg/mi. 
° 


j 
Tubocurarine 


30 


0 
Hexamethonium 
30 


Fig. 6. The effect of equal concentrations (w/v) of tubocurarine, atropine and hexamethonium on 
the isometric response of the ARMB produced by ACh 2 ug/ml. 


Weight for weight benzoquinonium was slightly and propantheline and 
methantheline much more active than atropine in depressing the ACh response. 
With propantheline an equilibrium was apparently not reached after exposure 
for 1 hr after which time a comparison of the potency of the different antago- 
nists was made. Such a comparison is shown in Table 1. On a weight basis 
propantheline and methantheline are 20-60 times and, on a molar basis, 15- 
100 times more active than atropine, tubocurarine, hexamethonium or 
benzoquinonium. 

The response of the muscle to carbaminoylcholine, 10 yg/ml., was also 
antagonized by .propantheline in a concentration which antagonized an 
equally active concentration of ACh (1 yg/ml.). 

The effect of ACh antagonists on the response to electrical stimulation. Atropine, 
hexamethonium, tubocurarine and propantheline in concentrations which 
would abolish the response to ACh 1 pg/ml. had no effect on the response, 
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contraction as well as subsequent relaxation, produced by continuous d.c. 
stimulation for 20 sec. This is shown for propantheline at A in Fig. 7. 


TasLe 1. Approximately equally active concentrations of antagonists against ACh 2 pg/ml. 


on Mytilus muscle 
Concentration 
Antagonist (ug/ml.) (M) 

Hexamethonium 30 1-5 x 10-* 
Tubocurarine 30 48x10-5 
Atropine 30 52x 
Benzoquinonium 20 3-7 x 10-* 
Propantheline 0-5-1-0 1-35—- 2-7 x 10-* 

theline 0-5-1-0 1-54-3-08 x 10-* 


Propantheline (1 g/ml.) however had an effect on the responses produced 
by stimulation with intermittent rectangular pulses. It abolished the slight 
arrest of relaxation which occurred during stimulation with 100 msec pulses 
at 15/min (Fig. 7 D) as well as the contraction which occurred during stimula- 
tion with 300 msec pulses at 60/min (Fig. 7B). The acceleration of relaxation 


Before After Before After 


12 
B 
4 
3 S mir 
min 
10F 
or C D 


Fig. 7. The effect of propantheline on the isometric responses of the ARMB to electrical stimula- 
tion. The response shown on the left of each pair is before, on the right after, exposure of the 
muscle to propantheline 1 ug/ml. Stimulation at 7 V for 20 sec in each case, the second 
stimulus, where applied, being 1 min after the first. A, d.c. continuously applied; B, d.c. 
continuously applied and 300 msec pulses at 60/min; C, d.c. continuously applied followed 
by d.c. continuously applied; D, d.c. continuously applied and 100 msec pulses at 15/min. 


produced by these stimuli however was not affected. Propantheline 1 pg/ml. 
had no effect upon the response to 300 msec pulses at 180/min or upon a 
second d.c. stimulus continuously applied for 20 sec (Fig. 7(C). 


Histological examination 
Iron haematoxylin preparations, together with the examination of fresh 
muscle by phase contrast, confirmed the absence of transverse striations in 


- 
| 
| 
& 


MYTILUS MUSCLE 459 


the muscle fibres. The methylene blue, osmic acid and silver impregnation 
methods failed to reveal any definitive nervous structures. 

The best results with the cholinesterase technique were obtained at pH 6-5, 
and revealed large bundles of strongly cholinesterase-positive nerve fibres 
entering the ARMB, and within the muscle fine nerve fibres throughout its 
length, arranged for the most part in a longitudinal fashion between the 
muscle fibres, but with occasional Y-shaped branching. In several prepara- 
tions there were frequent small disk-shaped areas of copper sulphide deposit, 
but these were undoubtedly artifacts. Nothing resembling either motor end- 
plates or nerve cells was seen. 

DISCUSSION 

It was apparent from the beginning that unless precautions were taken to 
stabilize as many experimental variables as possible, the ARMB could give 
widely divergent responses (Winton, 1936; Twarog, 1954; Hoyle & Lowy, 
1956). In early experiments we used for convenience an artificial sea water of 
the composition given by Tower & McKachern (1948). This fluid differs con- 
siderably from the composition of natural sea water (Lyman & Fleming, 1940) 
particularly with respect to the proportion of Mg and Na. We also examined 
the ‘Mytilus saline’ of Singh (19385) which is based on his analysis of mussel 
tissue (Singh, 1938a) and is virtually free from Mg. However, when it was 
found that the tone of the muscle and its reactivity were greatly affected by the 
Mg content of the bathing fluid we felt it necessary to make up a solution which 
closely approximated sea water with regard to its content of Mg and of the 
other main ionic constituents. The small amounts of strontium, fluoride and 
borate present in natural sea water could be omitted since they did not appear 
to affect tone and responses of the muscle, but glucose was added since its 
presence was found to prolong the survival period of the muscle. When this 
solution was used unbuffered at an acid pH so as to prevent changes in pH 
during the experiment, when the temperature of the fluid was kept at 10° C, 
and when the initial length of the muscle was carefully controlled, repeatable 
responses were regularly obtained. 

Compared with other tissues such as the guinea-pig ileum and the dorsal 
muscle of the leech the ARMB is relatively insensitive to ACh; and further- 
more, the effect of the drug is potentiated to only a slight degree by eserine. 
This potentiation was about two- to threefold and is comparable with that 
reported for the ARMB by Twarog (1954), who obtained a threefold increase 
in contraction height and a change in threshold of ‘several fold’, using an 
isometric-isotonic recording system. 

The longer duration of the effect of acetyl-8-methyl choline compared to 
ACh is easily accounted for by the fact that the cholinesterase present in 
Mytilus tissue is said not to hydrolyse the B-methyl compound (Twarog, 
1954). The compound is however only one-tenth as active as ACh. 
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The action of antagonists on the response of the ARMB to ACh does not 
appear to have been studied systematically, although Twarog (1954) describes 
the action of atropine, tubocurarine and methantheline, the latter compound 
being said to be the most effective. In our experiments a concentration of 
atropine of 30 ug/ml. was required to reduce the response of the muscle to 
ACh 2 pg/ml. by 50%, showing that atropine is a relatively weak antagonist 
in comparison to its antagonistic effects against ACh on mammalian smooth- 
muscle preparations. 

Since the concentrations of hexamethonium and tubocurarine required to 
reduce the ACh response were virtually the same as that of atropine the 
antagonism appears not to be related to the ganglion-blocking potency of 
hexamethonium or tubocurarine on mammalian preparations. Similarly the 
blocking effect of tubocurarine against ACh is not analagous to that occurring 
on the frog rectus, the respective drug ratios being 1:15 on the ARMB and 
1:3 on the rectus (de Jalon, 1947). 

Twarog (1954) had already found methantheline to be an effective antagonist 
of ACh on the ARMB. The present experiments confirm this observation and 
in addition show that propantheline is as effective. The drug ratio for these 
two compounds was 1:1 or more. 

The ratio of effectiveness of these compounds as determined on mammalian 
preparations cannot be applied to invertebrate preparations. The ratios of 
effectiveness on the guinea-pig ileum for atropine: propantheline : methanthe- 
line are 1:1-95:1-73 (Johnson & Wood, 1954). On the rabbit ileum the ratio 
is atropine: methantheline, 1:3 (Schaeppi & Waser, 1958). On the ARMB the 
ratios are atropine:methantheline:propantheline, 1:60:60. In a similar 
manner there is no relationship between the ganglion-blocking potencies of 
these compounds derived from mammalian experiments and their activities 
on the ARMB. 

An ACh antagonist which is active on one invertebrate preparation is not 
necessarily active on another. Benzoquinonium is said to be the most effective 
blocking agent of ACh on the Venus heart (Luduena & Brown, 1952) being 
about 1000 times more active than tubocurarine, whereas on the ARMB 
benzoquinonium was only slightly -more active than atropine, tubocurarine 
or hexamethonium. 

In our experiments with electrical stimulation of ‘superfused’ muscle with 
Ag electrodes in contact with the surface of the muscle, two types of con- 
tractile response were obtained, one which was insensitive, and one which 
was sensitive to antagonists of ACh. The fact that the precise forms of the 
responses differ from those reported by other authors must be attributed to 
different conditions and methods of stimulation which were used. 

The responses of the ARMB have previously been described as ‘tonic’ or 
‘phasic’, depending upon whether relaxation after the contraction is slow 
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(‘tonic’) or rapid (‘phasic’). The tonic response has usually been evoked by 
continuous d.c. stimulation. The methods used have included over-all stimula- 
tion by electrodes in the bathing fluid (Winton, 1936); two wick electrodes in 
contact with the surface of the muscle (Fletcher, 19376); or a technique 
employing electrodes on either side of a ‘bridge’ in a divided bath arranged to 
stimulate what is presumed to be the site of entry of the nerve supply to the 
muscle (Hoyle & Lowy, 1956). Similarly, phasic responses have been produced 
by sine wave a.c. (Winton, 1936), condenser discharges or rectangular pulses 
of short duration and repetition rates of 1—4/sec (Fletcher, 1937); Abbott & 
Lowy, 1958a). 

It has been generally assumed that the response to continuous d.c. stimula- 
tion represents that which occurs in the animal when the muscle exerts a 
sustained contraction ; the slow relaxation is attributed to a change in viscosity 
(Winton, 1936), or to continued discharge from nerve (ganglion) or muscle 
cells (Hoyle & Lowy, 1956). However, under our conditions of continuous d.c. 
stimulation using two electrodes in contact with the surface of the muscle the 
response would appear to occur as a localized contraction under the negative 
pole, and does not seem to propagate despite the histological evidence for 
continuity of muscle fibres from end to end (Fletcher, 1937a). Our results 
suggest that a new interpretation of this d.c. response is required; it should 
be regarded as the result of direct stimulation of the muscle and this does not 
represent the natural ‘tonic’ activity of the muscle. 

A stimulus which evokes a phasic response from a muscle at reference length 
if applied during the slow relaxation of a tonic contraction may evoke a small 
contraction and is followed by rapid relaxation. In this way such a response 
accelerates the relaxation of the tonic response and has been said to ‘unlatch’ 
the latter. Our experiments have shown that when suitable pulse parameters 
are used the contractile response which is produced may be abolished by ACh 
antagonists whilst the rapid relaxation remains unaffected by these antagonists. 
The association of the contractile response and rapid relaxation when certain 
pulse parameters are used would explain why Abbott & Lowy (1958a) found 
that repetitive stimulation (2 msec pulses at 2—4/sec) did not lead to a main- 
tained contraction but was followed by a falling off of tension despite the 
continued stimulation. 

Furthermore, selection of pulse width and repetition rate enable this rapid 
relaxation to be produced without a preliminary contraction. This relaxation 
is similar in every way to that produced by low concentrations of 5-HT 
(1 ng/ml.) and both types of response can be elicited repeatedly (Holgate & 
Cambridge, 1958a). 

The above experiments suggest that the response which is sensitive to ACh 
antagonists may be mediated by cholinergic fibres. The histological evidence 
for the existence of nerve elements in lamellibranch muscle has been reviewed 
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by Bowden (1958). He pointed out that the staining of lamellibranch nerves 
in general is notoriously difficult, and the present work also suggests that the 
standard methods for mammalian tissues are not applicable to molluscs. 
Abraham & Minker (1957), however, have reported successful staining of 
nerve fibres in the adductor muscles of Unio and Anodonta by a modification 
of the Bielschowsky method. From the present experiments the cholinesterase 
technique appears to be the only method with reasonable prospects of success 
in revealing the nervous elements in lamellibranchs. The statement of Bowden 
(1958) that the ARMB contains cholinesterase-positive nerve fibres running 
parallel to the muscle fibres was confirmed; no ganglion cells were detected. 
Bowden, too, failed to detect motor end-plates or nerve cells within this 
muscle. 

In conclusion, it would appear from histological and pharmacological evi- 
dence that there are cholinergic nerve fibres within the ARMB, probably not 
involving ganglion cells. Contractions can thus be induced by the action of 
ACh and related compounds on the muscle, by electrical stimulation of the 
cholinergic fibres with suitable parameters and by stimulation of the muscle 
fibres by direct current. The stimulation by ACh and by excitation of the 
cholinergic fibres should be prevented by antagonists of ACh but these should 
not affect the contraction produced by direct stimulation of the muscle with 
direct current; and this was actually found to be so. It is interesting in this 
connexion that the effectiveness of antagonists in reducing the response to 
ACh applied artificially and in reducing the contraction produced by stimula- 
tion of nerve elements is the same. Furthermore, it would be tempting to 
conclude that the rapid relaxation produced by certain forms of electrical 
stimulation is the result of the release of 5-HT, which is known to be a natural 
constituent of this muscle (Twarog, 1954). 

It is felt that the so-called ‘tonic’ response produced by direct stimulation 
of muscle fibres is not evoked in the intact animal but is an artifact produced 
in the isolated preparation. The true ‘tonic’ response, if such occurs in nature, 
would presumably involve activation of the cholinergic system alone without 
subsequent or simultaneous activation of relaxation. The so-called ‘phasic’ 
response is presumably due to simultaneous activation of these two mechanisms. 


SUMMARY 


1. Conditions are described under which consistent responses of the ARMB 
of Mytilus edulis are produced by drugs and by electrical stimulation. 

2. ACh produces a contraction which is potentiated by eserine and reduced 
by antagonists of ACh. Propantheline and methantheline were found to be 
the most effective antagonists. 

3. The responses to various types of electrical stimulation are described. 
The effect of propantheline upon these responses has led to a new concept of 
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the mechanisms involved under these circumstances and has indicated the 
existence of cholinergic fibres which may be activated by electrical stimulation 
with rectangular pulses at a particular frequency and pulse width. This 
response is blocked by propantheline. In addition, d.c. stimulation may evoke 
a direct contractile response of the muscle which is not blocked by propanthe- 
line. Stimulation with differing pulse parameters provokes an active relaxation 
which may be mediated by 5-HT or a similar compound. 

4. Histological evidence points to the presence of cholinergic fibres and to 
the absence of ganglion cells within the substance of this muscle. 


We wish to thank Bayer Products Ltd. for their kindness in supplying ‘Mytolon’ (benzoquino- 
nium) and G. D. Searle & Co., Ltd for supplying ‘ Banthine’ (methantheline) and ‘ Pro-banthine’ 
(propantheline). Thanks are due to Mr R. Adkin for his technical assistance with the histological 
preparations. 
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THE RESPONSE OF CANINE ENDOMETRIUM TO VARIOUS 
HORMONES AND RELATED COMPOUNDS 


By A. DABASH anp A. SHARAF 


From the Pharmacology Department, Faculty of Veterinary Medicine, 
University of Cairo 


(Received 23 January 1959) 


It is known that typical changes occur in the endometrium in a number of 
species during the period of activity of the corpus luteum and these can be 
reproduced experimentally by the administration of progesterone. These 
changes have been extensively investigated in the rabbit and the progesta- 
tional proliferation produced in that animal is indeed the main method used 
in biological assay of progesterone and progesterone-like substances. Little 
attention however, has been given to the bitch. 

In the rabbit a number of investigators have found that a typical progesta- 
tional proliferation can be obtained with progesterone and similar substances 
(Hisaw & Leonard, 1930; Allen, 1932; Robson, 1933; Mishell & Newark, 1941). 
The progestational state of the endometrium seemed to be the result of a 
combined effect of the follicular and corpus luteum hormones and neither of 
them, when used in a physiological dose, was able to produce progestational 
effects in ovariectomized animals not previously treated with oestrogen 
(Hisaw, Greep & Fevold, 1937). 

Typical changes were also produced locally when progesterone was implanted 
into the uterus of the rabbit (Héhn & Robson, 1950) and of the cat (Robson & 
Sharaf, 1951a). Similar effects of progesterone given systemically were shown 
in castrated monkeys (Hisaw, 1942) and in spayed rats (Korenchevsky & Hall, 
1937). It has been found that progesterone produces specific changes in the 
stromal nuclei when placed directly in the uterus (Hooker, 1945), and other 
steroids have more recently been shown to have the same effects (Zarrow, 
Neher, Lazowasen & Salhanick, 1957). 

The induction of progestational proliferation in the endometrium was not 
restricted to progesterone: in the rabbit (Héhn & Robson, 1950) and in the cat 
(Robson & Sharaf, 1951a), the progestational proliferating reaction was also 
obtained with deoxycorticosterone (deoxycortone); local progestational 
proliferation was produced with solid implants not only of progesterone but 
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also of a number of other steroids. and indeed ethisterone is highly effective 
when administered in this way. It has also been shown that the potency of 
pregnenolone is 1/10 that of progesterone in producing progestational prolifera- 
tion in the rabbit endometrium (Hisaw & Astwood, 1942). On studying the 
hormonal effect of pregnatrienone, it was found that it produced progesta- 
tional proliferation in the rabbit with a potency of about 1/25 that of proges- 
terone when used systemically and 1/2 when locally applied as solid implants 
in the uterus (Robson & Sharaf, 19516). Though testosterone produces 
progestational effects in the rabbit when given systemically (Héhn & Robson, 
1950), it fails to produce noticeable histologic modification of the endometrium 
in the castrated monkey (Hisaw, 1942) and in the cat (Robson & Sharaf, 
19514). 

The aim of the present work was to demonstrate the action of some hormones 
and related compounds on the endometrium of the bitch and to show whether 
the effect in this species is similar to that in other animals. 


METHODS 


Forty-eight adult ovariectomized bitches were grouped according to the types of experiment. 
One group received oestradiol alone; others were all treated with oestradiol which in individual 
groups was followed by progesterone, ethisterone, pregnenolone, testosterone or deoxycortone. 
Another ovariectomized non-treated group was used as control. Al! hormonal substances were 
dissolved in oil and injected subcutaneously in the neck. Ocestradiol was injected in a dose of 
150 yg daily for 10 days followed by the injection of various doses of progesterone or similar 
compounds daily for 5 days. All bitches were killed on the day following the last injection. 
Uterine samples were carefully dissected and prepared for histological examination. Sections 
were stained with eosin-haematoxylin and examined microscopically. 


RESULTS 


The histological examination of the canine uterus showed, as a result of 
ovariectomy, a reduction in both circular and longitudinal muscular layers. 
The endometrium was also involved: the high columnar surface epithelium 
became changed to low cubical with faint nuclei and the uterine glands and 
stromal cells of the endometrium became small and appeared as solid cords. 
The administration of oestradiol alone to ovariectomized bitches produced an 
enlarged uterus with a thick myometrium and endometrium; the endometrial 
glands were increased in number but remained straight; the blood vessels 
became numerous and epithelial lining was smooth. 


When ovariectomized bitches were treated with 150 ug oestradiol daily for . 


10 days followed by 1 mg of either progesterone, deoxycortone, or pregneno- 
lone daily for five days, a progestational response was noticed, this reaction 
being increased when 3 mg of progesterone was administered daily for 5 days. 
The uterine glands became involuted and branched; they were, moreover, 
actively secretory and supplied with numerous blood vessels. On the other 
hand, ethisterone did not produce such progestational changes when given in 
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a dose of 1-5 mg daily for 5 days. Testosterone failed to produce this reaction 
when used in doses of 1-3 mg daily for 5 days; definite but only slight proges- 
tational effect occurred when it was injected in 4 or 5 mg doses daily for 
5 days. The results are illustrated in Pl. 1. — 


DISCUSSION 


This progestational proliferation seemed to be the result of a combined action 
of the follicular hormone, oestradiol, on the one hand and progesterone or its 
similar compounds, deoxycortone and pregnenolone, on the other. In this 
respect, the close chemical similarity between these substances is of interest. 
The progestational effect of progesterone on the endometrium of the bitch 
seems to be similar to that obtained in the rabbit (Allen, 1932; Mishell & 
Newark, 1941), the monkey (Hisaw, 1942), the rat (Korenchevsky & Hall, 1937; 
Hisaw & Astwood, 1942) and the cat (Robson & Sharaf, 1951a). Moreover, 
deoxycortone produced progestational reaction, and this finding in the bitch 
is similar to that in the cat (Robson & Sharaf, 1951 a). 

Though ethisterone and testosterone produce progestational reaction in the 
rabbit (Héhn & Robson, 1950), they failed to produce these changes in the 
bitch when used in a dose of 1 mg daily for 5 days. They did, however, increase 
the muscular elements, and testosterone produced some progestational 
reaction when used in a dose of 4 or 5 mg daily for 5 days. This lack of response 
may be attributable to inadequate dosage or to a quick change of these sub- 
stances in the bitch into inactive products. 

In the rabbit (Héhn & Robson, 1950), in the cat (Robson & Sharaf, 1951 a) 
and in the bitch, a positive response consisted in the production of typical 
glandular proliferation, but in the mouse it consisted in the production of 
typical changes in the stromal nuclei. It is not unexpected that there should 
be discrepancies in the responses of different species to a particular hormone. 
As has been seen, the response in the mouse is restricted to progesterone 
(Hooker, 1945), whereas in the rabbit, cat and bitch other steroids are also 
effective. The discrepancy with pregnenolone is particularly striking since this 
substance is nearly as active as progesterone on the uterus of the rabbit and 
bitch, whereas in the cat and mouse even large doses so applied were inactive. 
There are two possible explanations: (1) That the endometrium in both the 
rabbit and bitch can convert certain steroids to progesterone, or (2) that the 
difference in action of different hormones on the various animals is due to 
species variation in their responsiveness to such hormonal substances. 


SUMMARY 
1. The action has been investigated of the steroid sex hormones and some 
related compounds on the endometrium of ovariectomized bitches treated 
with oestradiol. 
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2. Progestational proliferation reactions were produced with progesterone, 
deoxycortone and pregnenolone when given in a dose of 1 mg daily for 5 days. 

3. Ethisterone and testosterone failed to produce such progestational 
effects when used in the same doses; testosterone produced some progesta- 
tional effect only when used in doses of 4 or 5 mg daily for 5 days. 


REFERENCES 


Avan, W. M. (1932). Physiology of the corpus luteum, VIII. Interrelationship of oestrin and 
corpus luteum extracts, as determined by their effects in the adult rabbits. Amer. J. Physiol. 
100, 650-660. 


Hisaw, F. L. (1942). The interaction of the ovarian hormones in experimental menstruation. 
Endocrinology, 30, 301-308. 

Hisaw, F. L. & Astwoop, E. B. (1942). The physiology of reproduction. Annu. Rev. Physiol. 4, 
503-560 


Hisaw, F. L., Greer, R. O. & Fevoip,H. L. (1937). The effects of oestrin-progestin combinations 
on the endometrium, vagina and sexual skin of monkeys. Amer. J. Anat. 61, 483-503. 
Hisaw, F. L. & Leonarp, 8S. L. (1930). Relation of the follicular and corpus luteum hormones 
in the production of progestational proliferation of the rabbit’s uterus. Amer. J. Physiol. 
92, 574-582. 

Hoéun, E. O. & Rosson, J. M. (1950). The response of the rabbit’s endometrium to uterine 
implants of progesterone and other steroids. J. Physiol. 111, 174-183. 

Hooxsr, C. W. (1945). Criterion of luteal activity in the mouse. Anat. Rec. 93, 333-343. 

Korenouevsky, V. & Hawu, J. (1937). The bisexual and cooperative properties of the sex hor- 
mones as shown by histological investigation of the sex organs of the female rats treated with 
these hormons. J. Path. . 45, 681-708. 

MisHe.1, D. R. & Newark, L. (1941). A clinical study of progesterone therapy by pellet implan- 
tation. Amer. J. Obstet. Gynec. 41, 687-693. fie! 

Rosson, J. M. (1933). The effect of oestrin on the reactivity and spontaneous activity of the 
rabbit uterus. J. Physiol. 79, 139-151. 


Rosson, J. M. & Suarar, A. (1951a). Response of the cat’s endometrium to implantation of 
different steroids. J. Physiol. 115, 313-316. 


Rosson, J. M. & Suarar, A. (19516). The hormonal effects of pregnatrienone. J. Pharm. 3, 


Zarrow, M. x. Neuer, G. M., Lazowasen, E. A. & SALHANICK, H. A. (1957). Biological 


activity of certain progesterone-like compounds as determined by the Hooker—Forbes 
bioassay. J. clin. Endocrin. 17, 658-666. 


EXPLANATION OF PLATE 
Fig. 1. Section of uterus of ovariectomized non-treated bitch. 


Fig. 2. Section of endometrium showing progestational reaction, from the ovariectomized bitch 
treated with 150 yg oestradiol daily for 10 days followed by 1 mg progesterone daily for 
5 days. 


Fig. 3. Section of endometrium showing progestational reaction, from ovariectomized bitch 
treated with 150 ug oestradiol daily for 10 days followed by 1 mg pregnenolone daily for 
5 days. 


Fig. 4. Section of endometrium showing progestational reaction, from ovariectomized bitch 
treated with 150 yg oestradiol daily for 10 days followed by 1 mg DOCA daily for 5 days. 
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STUDIES ON THE PROTEINURIA OF THE NEW-BORN CALF 


By_ A. E. PIERCE 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


(Received 16 January 1959) 


The sequence of the protein changes in the serum or plasma of the suckling 
calf, contingent upon the passive absorption of immune lactoglobulin, has 
been studied in some detail by electrophoretic analysis (Jameson, Alvarez- 
Tostado & Sortor, 1942; San Clemente & Huddleson, 1943; Pedersen, 1945; 
Hansen & Phillips, 1947; Smith & Holm, 1948; Polson, 1952; Pierce, 1955a, 6). 
However, a concomitant proteinuria first reported by Langstein & Neuberg 
(1907) and studied by Smith & Little (1924) and Howe (1924) had received 
little further attention until Deutsch & Smith (1957) showed that some of the 
protein in the urine was f lactoglobulin. 

The new-born lamb also develops a transient albuminuria when it is suckled. 
Salting-out techniques and the detection of specific antibodies showed that 
globulins were also present (McCarthy & McDougall, 1949, 1953). 

The « globulin of the new-born calf is composed largely of fetuin, a muco- 
protein (Pedersen, 1944, 1945, 1947; Deutsch, 1954) with a molecular weight 
of 48,700-50,600, which is significantly lower than that calculated for bovine 
serum albumin of 69,000 (Scatchard, Batchelder & Brown, 1946) or 66,600- 
68,800 (Rowe & Abrams, 1957). Rowe (1957) has shown that the selective 
protein filtration of the smaller plasma protein molecules characteristic of the 
nephrotic kidney glomerulus can be reproduced artificially by the filtration of 
normal serum through suitable nitrocellulose membranes, Therefore, assuming 
that the excess proteins in the urine of the calf were derived from the plasma, 
the small-molecular-weight fetuin would make an appreciable contribution 
- (see Pierce, 1954). 

The present investigation examines the proteinuria which develops in the 
colostrum-fed calf in terms of the renal clearance rate of the proteins and their 
electrophoretic analysis. As the work proceeded characteristics of certain 
urinary proteins showed that they were not identical with the normal serum 
proteins, and the study was extended to the electrophoretic examination of 
the colostral whey proteins as a possible alternative source. Serological studies 
and solubility measurements were also used to characterize further some of 
the urinary proteins. 
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METHODS 


Management of calves. The calving was observed and the calves (shorthorn or shorthorn cross) 
were immediately removed from their dams. A blood sample was collected and thereafter the 
calves were fed by hand. They were housed throughout the experiment in pens with floors arti- 
ficially heated during the winter months. Certain calves from which complete urine samples were 
collected for 52-56 hr were maintained for this period in isolation, without bedding, in centrally 
heated, well ventilated pens. 

Collection and preparation of sera. Blood samples, about 25 ml., were collected from the jugular 
vein with aseptic precautions and allowed to stand during the night at room temperature. The 
serum was then separated from the clot by centrifugation and stored at — 10° C. 

Collection and storage of urine. Urine samples were collected from the calves from birth onwards. 
Micturition was initiated by digital manipulation of the inferior aspect of the prepuce or vulva. 
The volume was measured and the sample filtered and cooled to 4° C, and within 12 hr stored at 

- 10°C. 

Protein concentration. Urine samples were dialysed against running tap water for at least 120 hr 
and finally against 0-15m-NaCl for a further 24 hr to salt-in any precipitated protein. Non- 
dialysable nitrogen values were determined by a semi-micro-Kjeldahl technique and corrected 
for any volume changes during dialysis. Serum protein concentrations were determined similarly 
although no allowance was made for non-protein nitrogen. 

Serum and urine protein concentrations were adjusted refractometrically for electrophoretic 
runs. The samples were dialysed against phosphate buffer solution (ionic strength, J = 0-2, 
pH 8-0) and the refraction of the buffer (n,) and of the non-dialysable material (n,) were measured 
at 25° C with monochromatic light (A = 546 mp). When there was sufficient material the concen- 
tration for electrophoresis was adjusted to approximately 2-0 % (n, —,. = 0-00400) for the Hilger 
& Watts and 1-0% (n, —n, = 0-00200) for the Perkin-Elmer apparatus. 

Electrophoretic technique. Electrophoretic experiments were made in either Hilger & Watts 
(H.W.) or Perkin-Elmer (P-E) classical apparatus (Tiselius, 1937) with the modified Philpot 
optical system. After temperature equilibration and compensation of the boundaries, a current 
from a stabilized valve rectifier was applied. ’ 

The following procedure was adopted for routine runs: 

H.W.: 10 mA for 30 min followed by 20 mA for 150 min or 20 mA for 165 min, long middle 
section U tube, cross-sectional area 0-75 cm*; P-E: 15 mA for 45 or 60 min, long middle section 
U tube, cross-sectional area 0-3 cm*. The starting and final boundaries of each run were photo- 
graphed. 

Analysis of electrophoretic patterns. The electrophoretic pattern was projected at P-E x 5 and 
H.W. x 8 diameters on to sheets of millimetre squared paper, and the outline traced. The lower 
contour was used for tracing the P-E pattern. The area of each electrophoretic component was 
calculated from mean planimetric values derived from the ascending and descending limb 
analyses (see Pierce, 1955a). Final concentrations of each component were derived from the 
mean of these analyses. 

Mobility measurements. The mobilities of the various electrophoretic components were calculated 
from measurements of their displacement from the starting boundary on the descending side. 
The method of determining the conductivity of the buffer has already been described (Pierce, 
19554). 

Serological tests. Brucella agglutination tests. Serum, whey and urine were serially diluted with 
carbol saline in tubes of 1 cm diameter. An equal volume of standardized Brucella abortus antigen 
was added, and after mixing, the tubes were incubated at 37° C for 20-24 hr. The arbitrary end- 
point chosen, + +, indicated about 50% clearing of the supernatant with marked sedimentation. 
When the antigen and methods described are used to test the International Standard Brucella 


abortus antiserum, 50% agglutination occurs at a dilution of 1/480 (final dilution in the serum- 
antigen mixture). 
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Fractionation procedures. The albumin fraction was prepared from adult bovine serum and the 
« globulin (fetuin) from neonatal calf serum. The fractions were used as markers in electrophoretic 
experiments to identify the mobility of the various proteins. The fetuin fraction shower, an 
electrophoretic homogeneity > 98%. 

Albumin. Bovine serum was treated with Na,SO, 30-31 g/100 ml. at 37° C, and the super- 
natant which contained the albumin fraction dialysed against distilled water and freeze-dried. 

Fetuin. The method described by Deutsch (1954) was used. The final precipitate ‘D’ was 
obtained after equilibration during the night at. - 10° C in 50% ethanol (v/v) at pH 4-5. A solu- 
tion of the precipitate was dialysed against distilled water and freeze-dried. 

Definition of terms. The term ‘lactoglobulin’ used in previous papers (Pierce, 1955a, 6) when 
referring to the slowest electrophoretic component in bovine colostral whey, is now designated 
‘immune lactoglobulin’, following the recommendations of the committee on milk protein nomen- 
clature (Jenness, Larson, McMeekin, Swanson, Whitnah & Whitney, 1956) and is similar to that 
described by Smith (1946a, 6). The mobility is similar to y, globulin (Pierce, 1955a, b) and to the 
‘T’ component (Smith, 1946a). 

The main serum globulin components were identified as described previously (Pierce, 1955a, 6). 
The method is similar to that of Bradish, Henderson & Brooksby (1954a, 6) and Bradish & 
Brooksby (1954) who used a similar buffer system. 


RESULTS 


The determination of protein levels in the urine from calves fed on colostrum 
or boiled milk | 

Urine samples were examined daily for periods up to 49 days from thirteen 
calves fed on colostrum (fed group) and from three calves fed on boiled milk 
(deprived group). The results obtained on three animals in each group are 
shown in Fig. 1. Proteinuria was associated only with urine samples collected 
from the fed group during the first 48 hr of life. After this period the protein 
levels in the two groups were similar and appeared to have reached the normal 
level for the young calf. 

One calf in the fed group examined for 10 days showed an exceptional 
pattern. After a normal rise in the protein concentration to 038% and a 
subsequent fall, a further proteinuria developed when the calf was 5 days old, 
reaching a maximum value of 0-31 % and falling again to normal levels by the 
8th day. 

Protein concentrations in urine samples from the deprived group did not 
exceed 0-19 g/100 ml. compared with maximum values ranging from 0-44 to 
2:14 g/100 ml. in the fed group. Protein levels determined on urine samples 
from the fed group after the termination of the proteinuria and from the 
deprived group up to 1 month of age gave a mean value of 0-0599 g/100 ml. 
(0-0017-0-2 g/100 ml.). 

The ingestion of colostrum in the aetiology of proteinuria was indicated 
both by the absence of protein in the urine from the deprived group and by 
low protein levels, 0-097, 0-052 and 0-173 g/100 ml. in the urine of three calves 
in the fed group immediately before feeding colostrum. The electrophoretic 
patterns of pre-colostral calf sera showed very low values for y globulin, so 
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that some indication of the amount of immune lactoglobulin passively ab- 
sorbed from the gut could be determined by electrophoretic analysis (Table 1). 


Although the maximum concentration of protein in the urine has little 


quantitative significance, the relationships between the total amount of 
protein fed to the calves, the amount of immune lactoglobulin passively 


g protein/100 mi. urine 


2-0 


g protein/100 mi. urine 


Birth 5 10 15 Days 
Fig. 1. The non-dialysable protein concentration in urine from new-born calves (a) 0 5, x- ~ ; 
0 6, O-O; 09, (F-(), fed on boiled milk, and (6) P1, x-—x ; 051, O-O; 03, (-(, fed on 
colostrum. 


absorbed, the rise in total serum protein and the total output of protein in the 
urine during the first 48 hr can be quantitatively evaluated. These results 
further emphasize the importance of the ingestion of colostral protein in the 
aetiology of the proteinuria (Tables 1 and 2). 

Calf R 50 was fed on equal portions from a pooled colostrum sample (first 
and second milkings after calving) at a constant rate throughout the first 
56 hr of life. Electrophoretic analysis of the serum proteins indicated that 
little further absorption of immune lactoglobulin occurred after the 31st hr, 
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and that the proteinuria terminated at the same time. Therefore the cessation 
of absorption of immune lactoglobulin from the gut and the termination of 
the proteinuria were not dependent upon the transition of colostrum to milk. 


TasBLE 1. Electrophoretic analyses of sera from four calves (a) at birth and before suckling, and 
(b) at their maximum passive immune lactoglobulin level approximately 48 hr after feeding 


* 
colette (Phosphate buffer pH 8-0, J 0-2) 
Mean seartige distribution from ascending and 
descending limb analyses 
Globulins 
Serum r 
protein y and immune 
Calf no. (g/100 ml.) Albumin a B lactoglobulin 
03 (a) 4-64 57-8 33-5 6-2 2°5 
(b) 5-93 32-0 23-8 10-1 34-1 
{(a) 4-42 57-4 33-85 7-65 1-1 
1) 0) 7-37 22-7 17-2 8-5 51-6 
{ts 4-73 56-1 34-1 8-6 1-2 
(b) 5-17 34-75 24-5 9-65 31-1 
R50 (a) 4-46 50-7 34-1 9-9 5-3 
(b) 4-71 41-8 25-4 10-2 22-6 


a, b). 

Tase 2. The change in concentration of serum protein during the first 48 hr of calves (a) fed on 
boiled milk, and (6) fed on colostrum, together with the maximum concentration of urinary 
protein and the total protein excreted in the urine 

Colostral Maximum yoy Total protein 


protein fed excreted in 
Boiled milk fed in 48 hr* serum pro urine in 48 hr 
Calf no. (g) (g) (g/100 ml) mi.) (g) 
(a) O5 12870 - +03 0-15 - 
06 11530 ~ +01 0-19 - 
09 13210 -0-6 0-097 
Colostrum fed 
(g) 
(6) O38 11840 597 +14 0-76 - 
Pl 12168 831 +30 2-14 18-9 
0 51 15400 - +18 0-44 - 
E17 8290 198 +0°7 1-4 * 1416 
R 50 8000+ 154 +021 0-63 4-64 


* Excluding casein. + Pooled sample fed in equal portions over first 48 hr. —- Not measured. 


The determination of protein clearance rates 


Up.V expresses the rate at which protein is excreted in the urine, when U) 
is the concentration of protein in the urine in mg/ml. and V is the rate at which 
the urine is formed in ml./min. This analysis was applied to three calves (P 1, 
EK 17, R 50) in the fed group from which complete urine samples were collected 
for the first 54-56 hr after birth. The results showed an increasing rate of 
protein excretion up to the 17th—28th hr and thereafter a fall. Since the rate 
of excretion appeared to be related, among other factors, to the concentration 
of serum proteins presented to the kidneys, the rate of excretion of protein 


| 

, 


60} 03 2 
= 
= sol 4025 £ 2 50} 
c ~" = 
3 402 a” | 79 
2 20; 701 207 
3 3 
E 
= 10} £10F 
‘ 
Birth 10 20 30 40 50 Birth 10 20 30 40 50 
Time from birth (hr) Time from birth (hr) 


474 A, E. PIERCE 


per unit of its concentration in the serum was calculated, i.e. the clearance rate. 
This is represented by Up. V/Sp where Sp is the concentration of serum protein 
in mg/ml. 

In the adult kidney the clearance rate is normally a constant, the value 
being related to the substance. However, the clearance rate of protein in the 
new-born calf showed increasing values up to 17-26 hr. This period has been 
termed phase a and was followed by a sudden fall in clearance rate, phase } 
(Fig. 2). 


o 


Immune lactoglobulin 
(mg/ml.) 


3 
Renal clearance rate 
(mi./min) 


Time from birth (hr) 
Fig. 2a, b,c. @-@; renal clearance rates of total protein of three new-born calves fed on colostrum 
and ©O-O ; the concentration of immune lactoglobulin in the serum. 


2 


The rising serum protein concentration from birth was related to the passive 
acquisition of colostral protein, and the time at which the maximum concen- 
tration of immune lactoglobulin was attained in the calf serum coincided with 
the transition from a to b. No quantitative changes could be detected in the 
electrophoretic pattern of the serum proteins over the transitional period. 
Therefore, the period at which the intestine apparently became impermeable 
to globulin coincided with a sharp decline in the protein clearance rate (Fig. 2). 
Other data will be presented which show that Sp was not entirely representa- 
tive of the proteins being excreted, so that the transition from phase a to b 
does not necessarily indicate a change in glomerular permeability. 
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The electrophoretic analysis of the proteins in the urine of colostrum-fed calves 
The electrophoretic analysis of the proteins found in the urine usually 
showed five components, and frequently further components were easily 
+ identified from the ascending limb pattern where there was a characteristic 
Asc. Desc. 


Components 
2345868 
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£ Components hr 
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Components E hr. 
1&23 45&68 


hr 
1 345863 


24 


Fig. 3. Electrophoretic patterns of proteins in the urine of new-born calves E 25, E 17 and 0 3 
fed on colostrum. Time (hr) from birth. Component 3 has a mobility comparable with serum 
albumin. 

sharpening of the boundaries. However, the descending limb pattern showed 

a concomitant boundary spreading and the components were difficult to 

analyse individually. When the difference in the degree of boundary spreading 

between the two patterns was marked, the 5 and e boundaries were excessively 
large (see Fig. 3) and this suggested « high proportion of non-dialysable low- 
molecular-weight material, which was accentuating the Donnan equilibrium 
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effect. A mean molecular weight determination confirmed this, giving a value 
of only 21,000 based on osmotic pressure and protein nitrogen measurements 
using the 6-25 conversion factor. 

No nitrogen was detected in the salt boundary when recovered with a 
Pasteur pipette from the P-E electrophoretic cell after prolonged electro- 
phoresis at pH 8-0. It is concluded that protein did not contribute significantly 
to the salt boundaries. 

The mobilities shown in Table 3 were derived from the electrophoretic 
analyses of urine samples from four different calves and not all components 
could be analysed from every urine sample owing to excessive boundary 


Tasie 3. Mobility data calculated from descending limb analyses of post-colostral calf serum, 
colostrum and calf urine. ‘Analysis made in phosphate buffer, pH 8-0, J 0-2, conductivity 
0-0049 at 2-5° C 


Mobility (cm*/V sec x 10-*) 
Serum protein components 
Globulins 
Albumin 
5-85 4-45 3-2 2-04 
Colostral protein components 
1 2 3 4 5 6 
(B lacto- (Immune lacto- 
(Casein) globulin) globulin) 
7-26-9-38* 6-34 (10)t 5-63 (8) 4-21 (13) 3-27 (14) 2-24 (15) 
Urinary protein components 
l 2 3 5 6 
7-32-9-4 6-62 (11) 5-85 (17) 4-34 (20) 3-24 (14) 1-95 (23) 
Range of 6-06-7:1 5-46-27 4-00-5-03 2-9-3-8 1-1-2-77 


variation 
* Measurements of mobility range of small components (see p. 479). + Number of observations 
in brackets. 


spreading. There was some similarity in the mobility of components 3, 4, 5 
and 6 with those of the calf serum components albumin, «, 8 and y globulins, 
while components 1 and 2 when present had mobilities in excess of any 
demonstrable serum proteins (Table 3). 

The most consistent trend in the electrophoretic analyses of urine samples 
collected during phases a and 6 from the four calves studied was a gradual 
increase in component 6 with increasing age, accompanied by a fall in com- 
ponents 1 and 2. The percentage composition of component 3 was usually 
greater than 4, and 4 was greater than 5 (Table 4). 

Serial electrophoretic analyses on the colostrum fed to calf P 1 during the 
first 24 hr of life and on the calf serum over the same period when absorption 
from the gut was maximal, showed that 309 g of the immune lactoglobulin 
was ingested and 70 g was present in the plasma (plasma vol. equivalent to 
4-9°% of body weight). Assuming an identity between urine component 6 and 
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immune lactoglobulin (see p. 481, antibody activity), by the 24th hr approxi- 
mately 4-5 g was excreted in the urine. Therefore, since these figures exclude 
extravascular globulin, at least 24% of the immune lactoglobulin fed was 
absorbed, of which a maximum of 6-0°{ was excreted in the urine. 

The proteins involved in proteinuria are derived usually from the plasma 
and there is frequently a relationship between the relative amount of any one 
plasma protein in the urine and its molecular weight. Reference to Table 4 


Tasue 4. Electrophoretic analyses of urine samples from calves which were fed on colostrum 
(Phosphate buffer pH 8-0, J 0-2) 
Mean percentage distribution from ascending and 


Time after §_ Urinary descending limb analyses 
birth protei A 
Calf no. (hr) (g/100 ml.) Component 

1 and 2 3 4 5 6 
El7 5-75 1-21 54-1 20-7 15-1 6-9 3-2 
6-75 0-92 43-8 25-3 16-2 8-6 6-1 
8-0 0-55 47-7 27-4 13-2 71 4-6 
26-25 0-15 29-3 31-1 12-4 5-8 21-4 
28-5 0-22 17-1 30-0 17-7 8-3 26-9 
Pl 17-66 1-05 22-2 26-6 16-7 12-2 22-3 
24-75 1-86 17-4 35-7 13-7 Ill 22-1 
26-0 1-22 15-4 24-2 21-9 13-4 24:1 
30-0 0-61 14-6 15-0 15-1 12-6 42-7 
32-25 0-81 7-5 23-8 19-4 12-2 37-2 
34-75 0-30 11-0 14-2 13-1 13-4 48-3 
39-25-41 -6t 0-39 13-6 17-4 10-6 15-3 43-1 
03 15-5 0-72 0-0* 35-3 28-1 13-9 22-7 
25°5 0-76 0-0* 51-0 14-9 13-4 20-7 
31-0 0-67 0-0* 40-0 12-9 14-5 32-6 
40-5 0-44 5-3 23-3 10-7 12-7 48-0 
R 50 5-6 0-20 37-5 23-9 17-7 12-6 8-3 
73 0-27 25-0 31-8 22-5 8-9 11-8 
16-25 0-21 14-7 15-0 25-6 14-4 30-3 
18-1 0-19 13-3 16-1 24-5 11-8 34-3 
20-7 0-23 16-1 20-8 20-0 13-8 29-3 
22-75 0-38 19-3 19-0 16-3 13-0 32-4 
24-8 0-25 13-4 14-1 21-6 8-3 42-5 
27-7 0-62 9-7 18-1 18-3 17-6 36-3 


* A small component could not be analysed separately from component 3. {+ Pooled sample. 


shows that component 4 in the urine, with a mobility similar to fetuin with a 
molecular weight considerably lower than serum albumin, did not contribute 
a major proportion of the total protein. 

The percentages for urine shown in Table 5 were calculated from the values 
shown in Table 4; components 1 and 2 were omitted since there are no corres- 
ponding components in the serum. The percentage composition of the serum 
over the period during which the urine samples were collected was estimated 
from serial electrophoretic analyses over the comparable period. The results 
show that component 5 rather than component 4 was more consistently 
excreted in excess of the comparable 8 globulin in the serum. 
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Analyses of variance carried out on these percentages transformed to angles 
(sin-! where p stands for ‘ proportion’) tested whether the distribution of 
the various components was the same for serum as for urine and whether if 
the distribution were not the same, the differences were the same for all calves. 
The analyses showed: (a) The differences between the albumin and urine 3 
component were not the same for all calves; the difference between calves being 
highly significant (P < 0-001). Reference to Table 5 shows that the difference 
for calf R 50 (193%) is appreciably different from the differences for the other 
three calves. (6) The serum « globulin and urine 4 component differences again 
varied between calves although not to the same extent (significant level 
P < 0-05). (c) The differences between serum f globulin and urine 5 com- 
ponent, on the other hand, did not differ significantly between the four calves. 


Tase 5. A comparison of the percentages of the protein components albumin, «, 8 and y globulins 
in the serum with the percentages of the components 3, 4, 5 and 6 in the urine* 


Calf no. E17 R 50 Pl 03 Mean 
Serum albumin 418 440 252 37:7 368 
Urine 3 44-4 24-7 26-1 37-5 31-1 

Difference — 2-6 19-3 —0-9 0-2 5-7 
Serum « 265 28-0 196 25-9 24-8 
Urine 4 25-2 25-6 18-4 16-3 21-7 

Difference 13 2-4 1-2 9-6 3-1 
Serum 9-0 9-3 8-3 9-3 8-9 
Urine 5 12-2 15:3 15-1 13-8 14:3 

Difference —3-2 — 6-0 6-8 —4°5 5-4 
Serum y 22-2 18-3 46-7 26-5 - 28-1 
Urine 6 16-5 32-9 39-5 31-2 30-7 

Difference 5-7 -146 7-2 —4-7 — 2-6 


* In calculating the percentages for urine, components 1 and 2 have been omitted since there 
are no components of corresponding mobility in the serum. 


The mean percentage of the urine component was 5-4 higher than the mean 
percentage of 8 globulin, this difference being highly significant (P < 0-001). 
(d) The difference: between serum y globulin and urine 6 component differed 
significantly between calves (P < 0-001). Again the difference for calf R 50 
(14-6) is appreciably higher than the differences for the other three calves. 
The feeding regimen differed slightly for calf R 50 and calves E 17, P 1 and O 3 
(see p. 472). This does not, however, at present appear to be an adequate 
explanation for the different results obtained. 

The presence in the electrophoretic pattern of protein components with 
mobilities in excess of serum albumin, the low mean molecular weight of the 
urinary protein compared with serum protein and the absence of any selective 
excretion of serum protein components relative to their molecular weights, 
suggested that the electrophoretic mobility was insufficient evidence on which 
to identify urine protein components with those of serum. 
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Further studies on the identity of the proteins in the urine of calves in the 
Jed group 

Protein marker experiments. The complexity of the electrophoretic patterns 
of the urinary proteins and the boundary spreading in the descending limb 
made the geometrical analysis of patterns for mobility determinations difficult 
and the values approximate. Therefore the similarity of mobility between 
individual components in the urine and serum was confirmed by incorporating 
specific serum protein fractions with urine samples. Figure 4 shows the 
electrophoretic pattern of the fetuin fraction, and identifies the mobility with 
that of the « globulin in calf serum. 

Figure 5 confirms the similarity between the mobilities of fetuin and the 
urine component 4, and serum albumin and urine component 3. The large 
proportion of protein in urine samples from E 17 with a mobility faster than 
serum albumin (see Table 4) is also confirmed. 

Paper electrophoresis. The analysis of certain urine samples by free electro- 
phoresis suggested a considerable heterogeneity in the mobility of the slowest 
component, which was frequently poorly defined from the salt boundary (see 
Fig. 3, calf O 3). Paper electrophoresis showed that some of this protein had 
a mobility slower than the immune lactoglobulin in the colostral whey, or 
after absorption by the calf, in the post-colostral serum (Fig. 62). 

Urine components 1 and 2, which migrated faster than the serum albumin 
and which were particularly evident in urine samples from E 17, were very 
faintly stained for protein by azo-carmine. However, they stained intensely 
with the periodic acid-Schiff reagent for carbohydrate (Fig. 65). 

The variation in the electrophoretic distribution of the protein in different 
urine samples is shown by the comparison of the electrophoretograms in 
Fig. 6. E 17 at 6-75 hr shows a large component 3 with the mobility of serum 
albumin, while a pooled sample collected from P 1 during the later stages of 
the proteinuria shows a large slow component, a well defined 4th component, 
but very little component 3. 

The salting-out characteristics of the protein in the urine of calves O 3 and 
E 25 were examined. Sodium sulphate was added (26-8 g/100 ml. urine) at 
37°C and the precipitate and supernatant examined electrophoretically 
(Fig. 7). In both urine samples most of the protein in components 4, 5 and 6 
was precipitated, and those components with the mobility of serum albumin 
(component 3) or faster remained soluble. A small, very fast component 
(included in component 1) in both urine samples was precipitated. 

Proteolytic enzyme activity. Proteolysis in urine, significant in terms of these 
experiments, was investigated as a factor in the production of electrophoretic 
components with mobilities in excess of serum albumin. A urine sample 


collected during phase a was immediately cooled and maintained below 4° C 
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Fig. 4. Electrophoretic patterns of post-colostral calf serum, O 9, (a) before, and (b) after the 
addition of the fetuin fraction (c) and showing the association of the fetuin with the a-globulin 
component. 


Fig. 5. Electrophoretic patterns of proteins in the urine of calves (a) E 17 and (d) P I fed on 
colostrum: (b) shows the rise in component 4 after the addition of fetuin to (a); (c) and (ce) 
show the rise in component 3 after the addition of serum albumin to (b) and (d). 
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until examined 18 hr later. Nevertheless a component comprising 37 %, of the 
total protein was detected with a mobility in excess of serum albumin. In 
two further experiments the same urine and another from a calf 6 days old 
were used to dilute calf serum, obtained during the period of intestinal per- 
meability, from 4-99°% to 15% protein. The urinary protein contributed less 
than 5% of the total protein and no component faster than serum albumin was 
detected in the electrophoretic pattern after 24 hr at 37° C. 


Globulin 


Globulin 


Y B «a Albumin 


¥ 


Fig. 6a, electrophoretog showing the relative mobilities of proteins in (i) pre-colostral calf 
serum, (ii) fetuin, (iii) immune lactoglobulin, (iv) post-colostral calf serum and (v) P 1 urine 


b, electrophoretogr showing the relative mobilities of proteins in (i) E 17 post-colostral calf 
corein, (ii) E 17 urine 6-75 hr after birth, and (iii) E 17 urine stained with periodic acid- 
Schiff (PAS) and azo-carmine (AC). 


Antibody activity. Component 6 in the urine showed an electrophoretic 
mobility similar to that of the immune lactoglobulin component (see Table 3) 
and increased with age, corresponding to a rising proportion of passively 
acquired immune lactoglobulin in the calf serum, thus suggesting a relation- 
ship between the two components. A new-born calf was fed on colostrum from 
@ cow previously immunized with killed Brucella abortus strain 19 vaccine and 
the agglutination results shown in Table 6 were obtained on serial samples of 
urine. The second urine sample collected 17 hr 40 min after birth gave the 
highest end-point, 48; thereafter the agglutination end-point decreased to < 2 
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at 53 hr 15 min. A fraction withdrawn from the descending limb of the electro- 
phoresis apparatus and comprising the salt boundary together with com- 
ponent 6 of the urine showed, on subsequent serological examination, at least 
75% of the antibody activity. A significant correlation was also obtained 


Calf O3 Calf E25 
2345&63 


Fig. 7. Electrophoretic patterns of the proteins in (a) urine from calves O 3 and E 25, (6) the 
supernatant, and (c) the precipitate after fractionation with Na,SO, 26-8 g/100 ml. 


TaBLE 6. Brucella abortus agglutination by maternal serum, colostral whey, calf serum and 
serial samples of urine. Results shown as the reciprocal of the titre 


Highest maternal serum titre during immunization 512 
Colostral whey at calving 2048 


Pre-colostral calf serum nil 
Highest post-colostral calf serum titre 640 
Serial calf urine samples 

Time after Time after 
birth (min) Titre birth (min) Titre 
770 32 2165 2 
1060 48 2225 4 
1195 16 2285 6 
1485 24 2355 6 
1560 12 2495 6 
Sample lost —~ 2555 4 
1620 6 2700 6 
1695 6 2895 8 
1800 s 3000 s 
1855 16 3045 2 
1935 12 3135 2 
1995 6 3195 <2 
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between component 6 (in mg protein/ml.) and the reciprocal of the agglutina- 
tion end-point of the urine samples shown in Table 6. 


The electrophoretic examination of proteins in the colostral whey 
Proteins in the colostral whey after rennin digestion are presumably avail- 
able for absorption in the small intestine. Whey samples prepared from 
colostrum collected from the first to the eighth milking after calving were 
analysed electrophoretically. Whey component 6, the immune lactoglobulin, 


6 
Immune 


acto- 
globulin 3 


Fig. 8. Electrophoretic patterns of cow O 51 colostral whey proteins*: (a) at first milking, (5) at 
7th milking and (c) after the addition of serum albumin to (8). : 


* The casein, component 2, is therefore much reduced. 
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predominated in the early samples (Fig. 8). The fourth to the eighth samples 
showed four components with mobilities similar to but not identical with the 
serum albumin, and «, § and y globulins (Fig. 8, Table 3), together with 
components with mobilities faster than serum albumin with a range from 
6-2 to 9-38 em?/V secx10-°. The casein component analysed from whole 
colostral protein also showed an electrophoretic mobility in excess of serum 
albumin (6-34 cm?/V sec x 10-5) and a component of similar mobility was 
sometimes present in the urine (see E17, component 2, Fig. 5). Although 
mixing experiments confirmed the similarity between whey component 3 and 
serum albumin, they were not identical and in some experiments could be 
resolved electrophoretically into two peaks, the colostrum component 3 being 
very slightly slower (see Table 3). The whey protein, with the exception of the 
immune lactoglobulin, has a low sedimentation velocity in the analytical 
ultracentrifuge compared with the serum proteins (Pedersen, 1936; Deutsch, 
1947; Johnson & Pierce, 1959), so that again the electrophoretic similarity in 
the mobility measurements of certain serum and whey proteins is not evidence 
of a more general identity, The results show the difficulty in identifying, by 
electrophoretic mobility, any protein recovered in the urine with either serum 
or colostral proteins, particularly during the period when colostral proteins 
may be absorbed intact from the-gut. 


DISCUSSION 
The study covers a period of many inter-related physiological changes 
attendant upon birth. An explanation of the mechanism of the temporary 
proteinuria initiated by the ingestion of colostrum can be approached only 
tentatively on the results obtained. 

Phase (a): rising protein clearance rate. The assumption that the proteinuria 
of the new-born calf was entirely dependent on a permeability of the neonatal 
glomerulus to serum macromolecules was not confirmed by the results. First, 
if the glomeruli were more permeable, some degree of proteinuria might be 
expected in urine samples collected before suckling and from calves in the 
deprived groups, whereas the protein levels in these samples fell within the 
normal limits for older calves. Secondly, there would not necessarily be a 
correlation between the cessation of absorption of immune lactoglobulin and the 
reduction in protein clearance rate. The clearance rate of serum protein would 
be expected to be greatest at the start, declining with time, whereas during 
phase (a) the clearance rate increased. Thirdly, certain proteins recovered 
from the urine showed molecular weight and electrophoretic mobility dissimilar 
from those of the serum proteins. And fourthly, there was no apparent 
preferential filtration of the serum protein with low molecular weight, fetuin. 

A limited normal glomerular permeability to macromolecules, followed by 
tubular reabsorption (Bing, 1936), would offer some explanation for the rising 
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clearance rate, since an increase in plasma protein concentration, arising from 
the absorption of immune lactoglobulin, would be followed by increased 
protein concentrations in the glomerular filtrate. The threshold for the tubular 
reabsorption would be exceeded and this would result in an apparent increase 
in the filtration rate. 7 

Assuming competition for tubular reabsorption (Hardwicke & Squire, 1955) 
not only would the immune lactoglobulin be recovered in the urine but also 
an equivalent proportion of all those proteins present in the glomerular 
transudate. However, the rise in total serum protein per se was not of primary 
importance in the production of the proteinuria. For example, calf O 5 in the 
deprived group showed a rise in serum protein of 0-3% at the 48th hr but 
developed no proteinuria, whereas calf R 50, which was fed on relatively small 
amounts of colostral protein, showed a rise of only 0-21°% in plasma protein 
but developed a proteinuria. 

The protein components in the urine with mobilities greater than serum 
albumin could be quantitatively assessed. For example, the protein concen- 
tration in a sample of urine of E 17 was 1-2 g/100 ml. when 54-1 % or 0-65 g/ 
100 ml. migrated faster than serum albumin. This concentration was con- 
siderably greater than any total urine protein concentration from deprived 
calves or from calves before suckling or after the termination of the pro- 
teinuria, so that it was unlikely that these particular proteins were derived 
entirely from sites within the urinary tract. 

Phase (b): falling protein clearance rate. The inception of phase (5) could be 
correlated with the period when there was little further increase in the plasma 
of passively acquired immune lactoglobulin, and occurred during the period 
when the total protein concentration in the plasma presented to the kidney 
was maximal. Since the passive elimination of immune lactoglobulin from the 
circulation was relatively slow, the protein concentration in the plasma of 
calves fed on colostrum fell only slightly during phase (b) and exceeded that 
during much of phase (a). Therefore the concentration of serum protein was 
not of primary importance and the proteinuria appeared to be essentially 
dependent upon the continuing absorption of immune lactoglobulin from the 
gut. The absorption into the circulation of colostral proteins other than 
immune lactoglobulin and their subsequent clearance by the kidney seemed 
the probable source of some of the urinary proteins. This is supported first by 
the electrophoretic evidence of some whey protein with a mobility similar to 
urine protein and with a mobility in excess of any demonstrable serum 
protein and secondly by the presence of protein in colostrum and urine with a 
lower molecular weight than serum protein. Thirdly, the proteinuria was 
associated with not only the ingestion of colostrum, but more precisely with 
the period of intestinal permeability. Fourthly, there was no evidence of the 
preferential filtration of serum protein with a low molecular weight. 
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The glomerular membrane of the normal kidney is permeable to protein 
with a molecular weight below that of albumin. Kerridge & Bayliss (1932) 
and Bayliss, Kerridge & Russell (1933) found that gelatin, and Bence-Jones 
protein with a molecular weight of 35,000 and also egg albumin with a molecular 
weight of 34,000 were excreted by the cat and rabbit kidney and by the 
isolated dog kidney. Lowell, Colcher, Kendall, Patek & Seegal (1946) also 
found that gelatin given intravenously to man was excreted. 

These results appear similar to those visualized when the calf absorbs small- 
molecular-weight colostral protein. Moreover, recent work by Bangham, 
Ingram, Roy, Shillam & Terry (1958) has shown that the gut of the calf is non- 
selective and will absorb colostral proteins other than immune lactoglobulin. 
The mean molecular weight of the protein in the urine sample was 21,000 so 
that it is probable that if this protein were present in plasma it would be 
cleared rapidly by the kidney and high plasma concentrations would not 
develop. This is in conformity with the experimental results, since no electro- 
phoretic components faster than albumin were detected in the serum. The 
relative sedimentation velocities in the ultracentrifuge of calf serum, urine 
and colostral protein may be more revealing in studies on the neonatal pro- 
teinuria of the suckling calf and are the subject of a further study. 


SUMMARY 


1. A proteinuria developed during the first 30-40 hr of life in calves fed on 
colostrum and was absent in similar calves which were fed on boiled milk. 

2. The transition from colostrum to milk was not the factor which ter- 
minated the absorption of immune lactoglobulin from the gut. 

3. Calculations based on protein clearance rates showed two phases: 
(a) rising values up to the 17th-—26th hr after birth, and (b) rapidly declining 
values reaching minimal levels by the 40th hr. 

4. Termination of intestinal absorption of protein from the gut, as deter- 
mined by steady or falling immune lactoglobulin levels in the serum, coincided 
with the transition from phase (a) to phase (0). 

5. Electrophoretic analyses of the urine proteins showed at least six com- 
ponents, some of which were comparable on a mobility basis with the serum 
proteins. Urine components | and 2 had a mobility faster than serum albumin 
and composed up to 54-1 %, of the total protein; proteins with similar charac- 
teristics were observed in colostral whey. 

6. The results suggest that the proteinuria arose to some extent from low- 
molecular-weight protein in the colostrum which was absorbed from the gut 
together with the immune lactoglobulin. Owing to the small molecular weight, 
this protein was subsequently cleared from the circulation by glomerular 
filtration. High concentrations of these proteins were not developed in the 
circulation and so remain undetected electrophoretically. 
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EFFECTS OF CHANGE OF POSTURE ON THE DIURNAL 
RENAL EXCRETORY RHYTHM 


By 8. THOMAS 
From the Department of Physiology, University of Manchester 


(Received 23 March 1959) 


The changes in urine flow and sodium excretion after alteration of posture 
(Rosenbaum, Ferguson, Davis & Rossmeisl, 1952; Thomas, 1957) have been 
shown to be accompanied by changes in urinary acid-base composition, 
particularly during prolonged maintenance of the new posture (Thomas, 
1957). The occurrence of inverse changes in the output of sodium and hydro- 
gen ions may be explained by alterations in renal tubular ion-exchange 
mechanisms. Thomas (1957) suggested that these responses might be due 
to variations in aldosterone production by the adrenal cortex following the 
stimulation of the proposed extracellular fluid ‘volume receptor’ mechanism 
(Bartter, 1956). 

In the previous experiments sbiiige of posture was always carried out in 
mid morning. The present work describes experiment in which subjects 
stood up or lay down at different times of day, to determine whether similar 
mechanisms operate over other phases of the diurnal excretory rhythm 
(Stanbury & Thomson, 1951). It was hoped that this would provide further 
information on the tubular processes involved. 


METHODS 


Experiments were performed on five normal, healthy adults aged 21-43. The general plan of ex- 
periments on any subject was similar to that previously reported (Thomas, 1957), to determine the 
urinary composition in serjal samples after change of posture from standing to recumbent, or 
from recumbent to standing, and to compare it with that found in samples obtained on another 
oceasion when the initial posture was maintained over the corresponding time of day. 

Most of the experiments were performed in the morning or afternoon, to cover the period when 
the major diurnal rhythmic changes in urine output occur (Stanbury & Thomson, 1951). In 
addition, three experiments on one subject were performed to determine the effects of lying down 
at night. 

A summary of the details of posture and time of day in individual experiments is provided in 
Fig. 1, which also shows the period covered by experiments in the previous report (Thomas, 
1957). A light breakfast with no caffeine-containing drinks was taken before the morning and 
afternoon experiments, and a snack 2 hr before the night experiments. No food, tea or coffee 
were taken during any experiment. ’ 


4 
489 A 
‘ 
‘ 
a | 


490 S. THOMAS 


Urine samples were collected every 30 or 60 min except for night samples collected on waking; 
the subject always stood to void samples. To minimize loss of carbon dioxide (Marshall, 1922) 
samples were stored under liquid paraffin in screw-capped bottles. 100 or 200 ml. water was 
ingested hourly in most experiments. In one pair of morning experiments on one subject, fluid 
intake was forced, to maintain urine flows of 5-10 ml./min throughout. In one of the morning 
standing experiments no fluid was ingested, and urine flow remained below 0-75 ml./min. Varia- 
tions in fluid intake and urine flow of this order have been found to produce only minor changes in 
urinary electrolyte excretion (Thomas, unpublished observations). 
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to the posture during initial periods, and to the time at which change of posture occurred. 
}+—_—_— Recumbency; |} --—4, standing. Comparison of 7, and 7, gives additional data 
(designated 7’, in Fig. 4) on the effects of lying down in mid-morning. The arrow at the foot of 
the figure indicates the period covered by experiments in a previous report (Thomas, 1957), 
in which subjects stood up or lay down in mid morning. 


Analytical methods. Sodium and potassium were measured by flame photometer, EEL (Collins 
& Polkinhorne, 1952); chloride by electrometric titration (Sanderson, 1952); inorganic phosphate 
by the method of Fiske & Subbarow (1925); total CO, by that of van Slyke & Neill (1924); 
ammonium by that of Hawk, Oser & Summerson (1947); pH by glass electrode at 37° C; creatinine 
by the procedure of Bonsnes & Taussky (1945). 

Calculations. Phosphate titratable acid, i.e. the fraction of urinary inorganic phosphate titrat- 
able to pH 7-4, was calculated as described by Longson & Mills (1953). The base-equivalence (P) 
of the inorganic phosphate concentration in any particular urine sample at the prevailing pH was 
calculated as described by Thomas (1957). The urinary concentration of base-bound bicarbonate 
(BHCO,) was calculated from total CO,, pH and pK as described by Thomas (1957). Urinary 
hydrogen excretion was calculated as the sum of the outputs of ammonium and phosphate titrat- 
able acid (T.A.) minus the output of base-bound bicarbonate, i.e. 


H+ = NH,* +T.A.+ BHCO.. 
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Even in experiments under uniform conditions there are often differences between the initial rates 
of excretion of urinary constituents as well as considerable spontaneous changes over several 
hours attributable to the diurnal excretory rhythm. In assessing the effect of change of posture 
on any urinary constituent, for example Na, in an experiment where the initial output was Nad, 
and the output after the change was NaZ,,, , it is always compared with a control experiment 
(initial output Nad, and later output NaZ,,) when the initial posture was maintained. The 
effect of the change in posture is referred to in the text as ANa, calculated as 


ANa = (Nady, Nady.) (Nad, - Nad). 


RESULTS 


In most of the experiments in which one posture was maintained there were 
spontaneous changes in outputs characteristic of the diurnal excretory rhythm; 
urine pH and flow, and the outputs of sodium, chloride, potassium and bicar- 
bonate usually increased to maximal values in mid morning or early afternoon 
and then decreased, while inorganic phosphate, ammonium and calculated 
hydrion outputs showed an inverse rhythm. Examples of variations insodium 
and hydrion excretion in individual experiments are included in Figs. 2 and 3. 
In general the amplitude of the spontaneous changes in sodium and hydrion 
outputs was larger in continued recumbency than during continued standing. 


Urine flow, sodium and chloride 


At all periods covered by these experiments change of posture caused 
consistent alterations in sodium excretion; standing up was followed by a 
relative decrease, and lying down by a relative increase, in output. Conse- 
quently, the diurnal excretory rhythm was markedly modified. In two of the 
three experiments (B, in Fig. 2 A, and 7’, in Fig. 3) standing up after waking in 
the morning caused amost complete obliteration of the matutinal increase in 
sodium excretion seen during continued recumbency, and marked reduction 
of the changes in urine flow and chloride output. In the second experiment, 
T,, on subject T, clear matutinal variations in output were still discernible, 
though small, after standing up. 

In all three subjects, standing up in the afternoon after a preliminary 
period of recumbency caused a sharp decline in urine flow and the outputs of 
sodium (R, in Fig. 2A; 7’, in Fig. 3) and chloride. In subjects T (Fig. 3) and 
M these outputs declined even during continued recumbency, but the drop 
was much greater on standing up. In Expt. M,, the sodium output in the 
third hour of standing was 39 »equiv/min compared with 117 wequiv/min 
during recumbency, and in the fourth hour of standing in 7; (Fig. 3), 15 wequiv/ 
min compared with 71 pequiv/min. In Expt. R, (Fig. 24), however, there 
was no decline in sodium output in the afternoon during continued recumbency, 
the final output being 261 wequiv/min between 15.30 and 16.30 hr, whereas 
the output fell to 62 wequiv/min when he stood up. 

Two pairs of experiments on subject T provide comparisons between the 
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effects of continued standing and of lying down in mid morning at 11.00 hr. 
In one pair (7', and 7) the subject had previously been standing quietly, and in 
the other pair (a comparison cf 7’, and 7,), performing routine laboratory 
duties. The results are similar to those previously reported for this subject 
(Thomas 1957) at the same time of day; the diurnal diminution in output of 
water, sodium and chloride was partly arrested by lying down. 
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Fig. 2. Urine outputs of Na and hydrion (H+): A. Effects of standing up: left, an experiment (8) 
in which subject B remained recumbent (O———-O) compared with an experiment (8,) in 
which he stood up after waking (@—-—-@®); right, an experiment (R) in which subject R 
remained recumbent (O———O) in the afternoon compared with an experiment (R,) in which 
he changed from lying to standing (@— —-@). B. Effects of lying down: left, an experiment 
(7) in which subject T remained standing in the afternoon (@-—-@) compared with an 
experiment (7',) in which he changed from standing to lying (O-——O); right, an experi- 
ment (7'.) in which subject T remained standing at night (@--—-@) compared with an 
experiment (7',) in which he changed from standing to lying (O-—-—0O). 


Lying down at 13.00 hr makes this disturbance of the afternoon decline in 
output even more obvious. Continued standing by both subjects T and J 
was associated with a decline in urine flow and the output of sodium and 
chloride. Lying down was followed in Expt. T, (Fig. 2B) by a maintenance of 
sodium output at about 100 uequiv/min compared with a fall to below 
20 wequiv/min on continued standing, and in J, there was a considerable 
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rise to over 200 equiv/min compared with a fall to 30 yequiv/min. on 
standing. 

Under uniform experimental conditions, night outputs of water, sodium 
and chloride are low (Stanbury & Thomson, 1951) and in the continued stand- 
ing experiment 7’, on subject T (Fig. 2 B), the sodium output slowly diminished 
from 53 wequiv/min in the 22.00-23.00 hr sample to 20 nequiv/min between 
02.00 and 03.00 hr. In the experiment 7, (Fig. 2B) the initial outputs of 
sodium and chloride were of the same magnitude as in the control (7) and 
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Fig. 3. Urinary Na and H+ outputs, and ratio of excreted Na to K (Na:K) in experiments in 
which subject T changed from lying to standing on waking (7',), (O—--—-—O), in mid morning 
(@— --@), and in the afternoon (7',) (&4—-—-—A) compared with continued recumbency (——) ; 
data for the expt. in which T stood up in mid morning are taken from a previous paper 
(Thomas, 1957). Values for the histograms of continued recumbency are derived from two 
experiments; in one, (7',) subject T remained recumbent until 14.00 hr., in the other (7',) 
from 11.00 hr to 17.00 hr. Values for the period 11.00 to 14.00 hr were so close that the means 
are plotted. 


when the subject lay down in bed at 23.00 hr, and remained awake, the output 
of sodium and chloride rose, that of sodium to 52 wequiv/min. In experiment 
T,, the initial output of sodium was much higher (158 »equiv/min) and rose to 
215 wequiv/min. in the fourth hour after the subject lay down. Despite the 
differences in absolute outputs in these two experiments, the pattern of response 
was therefore similar—a relative increase in sodium output after lying down. 

Figure 4 is a summary of the effects of change in posture as seen in the 
third hour after adoption of the new posture. The effect is shown as ANa, 
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calculated as described under methods, and is seen to consist of an increased 
excretion on lying down and a decrease on standing of about the same magni- 
tude at all times of the day. 

In the subsequent parts of this paper it is hoped to accumulate evidence 
that the effect of change of posture may involve two mechanisms, one operating 
immediately the new posture is assumed and the other causing progressive 
effects in subsequent hours. Particular attention has therefore been given to 
the time course of the effect on Na excretion of change of posture. In Fig. 5 
the effect of change of posture has been plotted in the first, second and third 
hours after standing and lying. In each case the mean of ten experiments is 


TasLe 1. Mean changes in sodium output (ANa)* in the first 3 hr after change of posture 


Change: lying to standing Change: standing to lying 
8.E. ANa 8.E. P 
(wequiv/min) (wequiv/min) 
Mean initialf output 129 83 
Change from 
initial output Ist hour ~ 69-0 (10)§ 23-30 0-02-0-01 +24-4 (10) 6-9 0-01-0-001 
2nd hour 96-5 (10) 30-50 0-02-0-01 +62-:7(10) < 0-001 
3rd hour -102-0(10) 28:10 <0-0l +78-8(10) 114 <0-001 
Change from Ist to -27-5(10) 17-45 0-2-0-1 +38-3(10) 11-6 0-01-0-001 
2n 


to -33-0(10) 21-50 0-2-0-1 (10) 10-2 0-01-0-001 
to -55(10) 17-00 0-8-0-7 + 81(10) 10-5 0-5-0-4 

* ANa, the change attributable to the change of posture, was calculated as described under Methods. 
T Mean initial output is the over-all mean of the outputs in the periods before change of posture and those in 


the corresponding periods in control experiments, where the initial posture was maintained. 
§ Figures in brackets = no. of observations. 


plotted with its standard error; a statistical analysis of the results with Na is — 


given in Table 1. Sodium excretion fell in the first hour after standing and 
rose in the first hour after lying down and’ these changes are significant 
(P < 0-02—< 0-01). Further changes appeared to occur in the next 2 hr; 
after lying down the values were significantly higher in the second and third 
hours than in the first (P < 0-01), but the difference was less significant 
after standing (P = 0-1-0-2). In four experiments in which recumbency was 
maintained for the fourth hour ANa increased again by 49 +9 wequiv/min. 
between the third and fourth hours. The results thus make it appear very 
probable that change in posture produced an immediate effect and also that 
sodium excretion decreased progressively in the 3hr after standing and 
increased progressively in the 4 hr after lying down. 
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Acid and alkali excretion 


Diurnal rhythmic variations in the acid-base pattern of the urine were also 
profoundly modified by change of posture. Standing caused a decrease in 
urine pH and bicarbonate output, and an increase in outputs of ammonium 
and phosphate titratable acid, all relative to the values observed during con- 
tinued recumbency. Thus standing up after waking in the morning prevented 
the increasing alkalinity seen during continued recumbency. In Expt. B,, a 
pH of 5-75 in the fourth hour of standing contrasted with 6-6 on continued 
recumbency, and in 7’, in the sixth hour, 5-15 contrasted with 7-0. Maximal 
bicarbonate outputs on continued recumbency in Expts. B and 7, were 
39 and 75 wequiv/min; on standing, outputs never rose above 10 wequiv/min 
in 7, and never above 1 wequiv/min in B,. The matutinal decreases in am- 
monium outputs were arrested on standing; thus, in 7,, outputs remained 
above 30 wequiv/min as compared with a fall to below 10 wequiv/min on 
continued recumbency. | 

Standing in the afternoon, however, exaggerated the increasing acidity 
observed on continued recumbency. In the final periods of standing, pH 
values of near 5-25 in all three Expts. 7',, M, and R, contrasted with values of 
6-0, 6-25, and 6-3 in recumbency. Bicarbonate outputs were also consistently 
lower on standing; in Expts. M, and 7, the absolute difference was small 
since, even on continued recumbency, there was a considerable diminution 
to values of about 10 wequiv/min in the final periods; but in Expt. R,, where 
the output was as high as 30 wequiv/min at the end of an afternoon’s recum- 
bency, the output on standing dropped to 1 pequiv/min. Outputs of am- 
monium in the third hour of standing were 21, 44 and 43 pequiv/min in 7’, 
M, and R, respectively, compared with 14, 12 and 9 wequiv/min in recumbency. 

Lying down in mid morning diminished the increase in acidity seen on 
continued standing in subject T in the same way as previously reported 
(Thomas, 1957). There was a relative increase in urine pH and bicarbonate 
output, and a decrease in ammonium output. 

In the two subjects T and J, who lay down in the afternoon, the de- 
crease in urine pH and bicarbonate output and the increase in ammonium 
output observed on continued standing was actually reversed. Final bicar- 
bonate outputs in 7, and J, were 40 and 26 yequiv/min on lying down com- 
pared with below 2-5 wequiv/min on standing, ammonium outputs 13 and 
9 wequiv/min compared with 23 and 22 wequiv/min and pH values 6-75 
compared with 5-8 and 5-2. 

Lying down at night caused similar, though less clear-cut changes, in both 
experiments. Thus in the experiment with high sodium outputs (7;), there 
was an increase in bicarbonate output from 11 to 26 wequiv/min by the fourth 
hour of recumbency. In the second experiment, 7',, where sodium increase 
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was much smaller, urine pH and bicarbonate outputs were only slightly higher 
than on continued standing though ammonium outputs remained near 
30 pequiv/min on standing, compared with 20 wequiv/min in recumbency. 
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Fig. 4. Difference in outputs of Na (ANa), K (AK) and H+ (AH*) 3 hr after change of posture at 
various times of day, from those in expts. in which the initial posture was maintained: 
left, effects of standing up; right, effects of lying down. In each comparison (except 7’, 
where no preliminary data were available) the value is corrected for any difference between the 
initial control periods as described under Methods. * Data derived from Thomas (1957). 


Urinary hydrion output 

The changes in acid-base excretion are most clearly seen by considering the 
resultant alterations in calculated urinary hydrion output. The diurnal rhyth- 
mic variations in hydrion excretion were modified by change of posture (Figs. 2 
and 3); standing up caused a relative increase, and lying down a relative de- 
crease, in calculated outputs, irrespective of the time of day and the direction 
of any spontaneous rhythmic variations. A summary of AH in the third 
hour after the change of posture is given in Fig. 4. The magnitude of the change 
in hydrion output varied between individuals, and with the time of day; 
large changes in output were usually associated with large changes in sodium 
output in the reverse direction. 

The relative contribution of the component changes in phosphate titratable 
acid, bicarbonate and ammonium outputs to the composite change in hydrion 
output also varied, particularly with the time of day. Where the urine was 
already acid, with low bicarbonate output, standing up could cause little 
further reduction in bicarbonate output, and increases in phosphate titratable 
acid and ammonium outputs were more marked. Where the urine was rela- 
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tively alkaline, with higher bicarbonate output, then lying down usually 
caused yet higher bicarbonate outputs, with less marked changes in phosphate 
titratable acid and ammonium outputs. 

The mean differences in hydrion outputs (AH*+, calculated as described in 
Methods) between control experiments and those in which the subjects 
changed posture are given in Fig. 5. The statistical data were calculated as 
indicated for sodium in Table i. In the first hour after standing up the mean 
value of AH* output was 27-0 wequiv/min, which is statistically significant 
(P < 0-01); in the subsequent 2 hr AH*+ output increased to 30-5 and 
40-6 wequiv/min, and in five experiments which lasted for 4 hr or more there 
was a further increase of 10-0 + 4-6 wequiv/min, but these later increases were 
not significant (Fig. 5). After lying down AH+ showed decreases of 15-1, 
23-9 and 33-9 in the first 3 hr; again (Fig. 5) the change from the control 
values was significant, but not the apparent progressive delayed change. 
However, it may be noted that the results in the two types of experiments in 
Fig. 5 are similar but in the opposite direction. After change of posture, 
therefore, much of the alteration of hydrion excretion occurred in the first 
hour, but, as with sodium excretion, it appears that further changes occurred 
on prolonged maintenance of the new position. 


Potassium 


Change of posture usually produced less disturbance of the diurnal rhythm 
in potassium excretion, and changes in potassium excretion (AK) were usually 
small in comparison with those in sodium output, as is shown in Fig. 4. 
Mean values, and standard errors, are given in Fig. 5 and in Table 2. Standing 
up usually caused a decrease in potassium excretion for the first 1 or 2 hr, 
with a tendency for an increase towards control values in the later periods. 


TaBLE 2. Mean changes in potassium output (AK)* after change of posture 
Mean Standing to recumbent Recumbent to standing 


oar 1 2 3 4 5 6 
initial AK 8.E. P AK 8.E. P 
output (wequiv/min) (wequiv/min) 

Ist hr + 16-8 (10)T 11-00 0-2-0-1 — 19-7 (10) 9-95 0-1-0-05 

2ndhr +21-6 (10) 10-40 0-1-0-05 — 27-4 (10) 14-60 0-1-0-05 

3rd hr + 95 (10) 10-82 0-4 — 13-2 (30) 11-10 0-3—0-2 

4th hr + 4-75 (4) 14-86 0-8-0-7 + 1-6 (5) 11-06 0-9-0-8 


* AK calculated as described in Methods; + figures in brackets = no. of observations. 


Conversely lying down was usually associated with an increased output in the 
earlier periods, with a later tendency for a decrease towards control values. 
None of these changes were statistically significant (Table 2) and the justifica- 
tion for regarding them as representing real effects must therefore be that they 
were of the same time course, of similar magnitude but in opposite directions, 
in the two groups of experiments in Fig. 5. 


| 


498 S. THOMAS 


Recumbent to standing Standing to recumbent 
« + 80 
—60- | 4 +60- 
4 
_ 80 ~ +40 
—100 + +20 
| 
(0-02 (0-2 (0-8 «0-01 (0-01 (0-5 
+40 
<4 —20 5 +20 
<0-1 (0-5 (0:3 (0-2 (0-6 (0-18 
eft 
2 
g + — 
—40 
(0-01 (0-6 (0-3 (0-05 (0-2 «0-05 


all T 
xr 
+20 —20 
<j T 
(0-4 0-5 <0-01 <0-9 (0:5 «0-01 
+0:10 
T T 
? 0-10 
0-1 <0-7 0-02 (0-7 0-9 
? 3 2 3 


Time after change (hr) 


Fig. 5. Mean changes in outputs of sodium (ANa), potassium (AK), hydrion (AH*+), the sum 
‘hydrion + potassium’ (AK + H), and creatinine (A creatinine), for the first 3 hr after change 
of posture. Each mean value is calculated from the individual change (e.g. ANa, as described 
in Methods) ; vertical lines represent +s.x.. The figure below each mean is the probability 
(P) of chance occurrence of each mean change from the immediately preceding period; this 
gives an indication of any progressive change on prolonged maintenance of the new posture. 
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Inorganic phosphate 
At all times of day change of posture caused little modification of the diurnal 
rhythmic variations in inorganic phosphate outputs. Subject T showed a 
remarkably stable and consistent pattern of change, irrespective of the 
posture. In other subjects standing sometimes caused small decreases, and 
lying down small increases, in output but such changes were usually transient. 


Creatinine 

The marked diurnal variations in other urinary constituents were not 

accompanied by any rhythmic variations in creatinine excretion in experi- 
ments where one posture was maintained; any variations in creatinine out- 
puts were random and inconstant. The mean initial output in standing experi- 
ments was 1-08 (+ 0-032) mg/min, and in recumbency was 1-15 ( + 0-032) mg/ 
min. 
After standing up creatinine excretion was usually reduced, whereas lying 
down was usually followed by an increased output. In a few experiments no 
change in creatinine output occurred despite alterations in electrolyte outputs. 
The mean values for A creatinine (Fig. 5) were 0-060, 0-065 and 0-056 mg/min 
in the first, second and third hour after standing up; none of these changes 
were significantly different from the mean initial recumbent output (P = 0-2- 
0-1, 0-1-0-05 and 0-1-0-05, respectively). The mean values for A creatinine 
after lying down were 0-076, 0-065, and 0-067 mg/min, all being significantly 
different from the mean initial standing output (P = 0-02-0-01, 0-05-0-02, 
and 0-05-0-02, respectively). However, after the first hour of standing or 
recumbency, there were only random changes in creatinine output, and the 
mean change from one period to the next was always non-significant (P = be- 
between 0-9 and 0-5; see Fig. 5). 

It appears from Fig. 5 that change in creatinine excretion occurred in the 
first hour, but that there was little further change in the subsequent hours. 
To this extent the results are consistent with a hypothesis that the change in 
sodium excretion in the first hour after assuming a new posture was due to a 
change in glomerular filtration rate (G.F.R.) but that the later changes were not. 


Urinary tone pattern 

Since change of posture led to different effects on various urinary con- 
stituents, the ionic pattern changed considerably, as is indicated by the ratios 
of individual cations (Na, K and NH,) and anions (Cl, HCO, and P) to the 
total determined urinary cations, B. The main effects of standing up (Fig. 6) 
were relative decreases in the ratios Na:B and HCO,:B and increases in 
K:B and NH,:B; lying down (Fig. 6) produced opposite effects. These 
changes, particularly in NH,:B and HCO,:B were often only evident by 
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comparison with the control experiments, since, accompanying the diurnal a 
changes in outputs, there were rhythmic changes in these ratios. During x 
continued recumbency in the morning (Fig. 6), the ratio NH,:B decreased pe 
and the ratio HCO, : B increased with the alkaline tide; standing up on waking 
minimized these rhythmic changes, and HCO,:B was reduced almost to zero. 
Conversely, during continued recumbency in the afternoon, the increase in | 
acidity was accompanied by increasing NH,:B and decreasing HCO,:B; 
standing up caused a decrease in Na:B, while the changes in NH,:B and — 
HCO,:B were considerably enhanced. 


400 


yo 


Subject T 


Subject T | 


n) 


(wequiv/mi 


Total cation output 


— 


Recumbent 


Urine ionic composition 
(% of total cation) 
RSas RSAs 


1 
Tieme (he) 
Fig. 6. Urinary output of total cation (Na + K + NH,), and ionic composition: left, an experiment 
(7’,) in which subject T remained recumbent in the morning (O———-O) compared with an 
experiment (7',) in which he stood up on waking (@-—-@®); right, an experiment (7',) in 
which subject T remained standing in the afternoon (@— —-—-—@) compared with an experi- 
ment (7',) in which he changed from standing to lying (O-——O). Data of urinary ionic 
composition are expressed as percentages of the total cation concentration. 


Lying down in the afternoon reversed the decreases in Na: B, and HCO,:B 
and the increases in K:B and HN,:B seen on continued standing (Fig. 6). $0 
Lying down at night caused similar changes. The large changes in K:B, Al 
despite small alterations in absolute output of potassium, were mainly due to su 
. the major alterations in total calculated urinary cation output (K + Na+ NH,) af 
: (Fig. 6), which increased on lying down and decreased after standing up (Fig. 6). on 


er 


Total determined anion (Cl+HCO,+P) output behaved similarly, and the 
difference between total determined cation and anion outputs changed little. = 
Differences in the quantitative effect of change of posture on sodium and = 
‘ potassium excretion are clearly seen in the ratio of excreted sodium to potas-— | He 
. sium (Na:K). Details of all experiments for the third hour after chang¢ ga 
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of posture are given in Fig. 7. Standing up caused a progressive decrease in 
Na:K; lying down caused a slower increase. In subject T this is particularly 
evident in the night experiments where, despite marked differences in the 
absolute sodium and potassium outputs after lying down, the increase in 
Na: K ratio was very similar in both experiments (Fig. 7). Again, these changes 
are often only evident by comparison with the control experiments since, 
particularly on continued recumbency, there were spontaneous variations in 
Na: K (Figs. 3 and 7); the ratio tended to fall through the morning during the 
alkaline tide, and then to rise in the afternoon. 


Initial recumbency Initial standing 
Wak Mid 
T,, T; 
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Ratio of excreted Na to K 


Night 


Pig. 7. Ratio of excreted Na to excreted K (Na:K): left, in experiments in which subjects remained 
’ recumbent at various times of day (O———O) compared with experiments in which they 
changed from lying to standing (@--—-@); right, experiments in which subjects remained 
standing (@- —--—-—@) compared with experiments in which they changed from standing to 
lying (O——-O). In 7, no preliminary data available (see Fig. 1). * Data derived from 
Thomas (1957). 


Potassium and hydrion 

According to current theory (Pitts, 1958), distal tubular reabsorption of 
sodium is achieved by ion exchange for potassium and hydrion. The sum of 
AK and AH has therefore been used to give an indication of over-all changes in 
such ion-exchange mechanisms. The mean A(K + H) for each of the first 3 hr 
after change of posture is presented in Fig. 5; the statistical data were again 
calculated as indicated for sodium in Table 1. 

Despite the occurrence of definite changes in potassium and hydrion 
excretion for the first 2 hr after change of posture, the mean A(K + H) was 
insignificant since the changes in K and H were in opposite directions (Fig. 5). 
However, in the third hour any further changes in K and H tended to be in the 
same direction; there was a mean increase in A(K + H) of 27-4 wequiv/min 
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on standing, and a mean decrease of 23-9 wequiv/min in recumbency, both 
being highly significant. Prolonged standing, therefore, increased the over-all 
excretion of (K +H), and prolonged recumbency caused a decrease. This was 
also evident in the fewer experiments which lasted more than 3 hr. 


DISCUSSION 


The main conclusion from the present experiments is that at all times of day 
change of posture causes alterations in urine excretion similar to those pre- 
viously reported for mid morning (Thomas, 1957): standing up is followed 
by a retention of sodium associated with an increased hydrion excretion, 
and the saluresis of recumbency is associated with a decreased hydrion 
output. 

At certain phases of the diurnal excretory rhythm these responses may be 
partly obscured by spontaneous changes in output in the opposite direction ; 
but the consistency of the response can be uncovered by comparison with 
control experiments at the same time of day in which the initial posture is 
maintained. The renal response to change of posture appears to take place 
against a background of varying tubular activity. Diurnal variations have 
been described in the renal response to ingestion of water (Stanbury & Thom- 
son, 1951; Papper & Rosenbaum, 1952), to oral or intravenous isotonic saline 
(Blomhert, Gerbrandy, Molhuysen, De Vries & Borst, 1951) and to intra- 
venous posterior pituitary extract and deoxycorticosterone acetate (Stanbury 
& Thomson, 1951). To the extent that the change in individual urinary con- 
stituents, such as bicarbonate or ammonium, differs at various times of day, 
a similar quantitative diurnal variation in the renal response to change of 
posture may be said to exist. However, the qualitative pattern of response 
is similar at all phases of the excretory rhythm. ’ 

It is clear that change of posture can profoundly modify the diurnal excretory 


-thythm (Figs. 2 and 3). Standing up in the morning inhibits the matutinal 


increase in alkalinity, whereas standing in the afternoon enhances the increasing 
acidity. Conversely, continued recumbency in the morning augments the 
matutinal increase in sodium and alkali outputs, while lying down in the after- 
noon inhibits the usual decrease. 

The present experiments provide additional information on the pattern of 
diurnal rhythmic variations in urine excretion. In the control recumbent ex- 
periments, the sodium and potassium rhythms were usually in phase (Stan- 
bury & Thomson, 1951; Mills & Stanbury, 1954); this association is not 
obligatory, however (Mills & Stanbury, 1954; Mills, Thomas & Yates, 1954) 
and some dissociation was evident on prolonged standing, when potassium 
outputs sometimes showed a relative rise while sodium outputs fell. Further- 
more, even when the sodium and potassium rhythms were in phase, as in most 
of the continued recumbency experiments, the relative magnitude of the 
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change in outputs differed at various times of day. This is most clearly reflected 
in the spontaneous changes in the Na: K ratio (Figs. 3 and 7). Such sponta- 
neous rhythmic changes even under uniform experimental conditions point 
to the need for caution in using this ratio to assess activity of the adrenal 
cortex in short-term experiments. 

The relative contributions of changes in filtered sodium load and in tubular 
sodium reabsorption to the altered sodium excretion after change of posture 
are difficult to assess. Change in sodium excretion could be brought about in 
three ways; first by alteration in filtered load, secondly by an alteration in the 
tubular reabsorption of sodium with attendant anions, and thirdly by a change 
in tubular reabsorption of sodium by ion exchange for hydrion or potassium. 
The last possibility would be indicated in experiments where the change in 
sodium output was accompanied by inverse changes in hydrion or potassium 
outputs, or both; and where the ratio Na: B changed appreciably. The first 
and second mechanisms are more likely in experiments where inverse changes 
in sodium and either potassium or hydrion outputs did not occur, and where 
there was little change in Na: B; distinction between these two mechanisms 
is possible by the presence or absence of change in G.¥F.R., as indicated by 
creatinine excretion. 

The data obtained in the present experiments indicate that changes in 
G.F.R. and in ion-exchange mechanisms both contributed to the changes in 
sodium excretion, but the relative significance of these factors appears to 
change with time. In the early periods after change of posture much of the 
alteration in sodium excretion is probably attributable to acute change in 
G.F.R., since in the first hour (a) there appeared to be an associated change in 
creatinine excretion, and (b) there were insignificant changes in (K +H) 
excretion. By the third hour, however, changes in tubular function are more 
possible since (a) creatinine output does not appear to have changed further, 
and (6) there were significant changes in (K + H) excretion. Thus the changes 
in urinary composition on prolonged maintenance of the new posture seem 
increasingly dependent on a mechanism other than change in G.F.R., and 
associated with variations in tubular cation exchange. 

There remains the possibility that alterations in G.F.R., may influence 
tubular ion-exchange mechanisms in addition to causing alterations in filtered 
load. Thus, under circumstances where cation excretion is obligated by the 
presence of unreabsorbed anions, such as P.a.H. or thiosulphate, the more 
complete reabsorption of sodium caused by acute reduction in G.F.R. may be 
accompanied by an increased proportion of potassium, ammonium and titrat- 
able acid excretion (Lauson & Thompson, 1958). Lauson & Thompson pointed 
out that this pattern of response is qualitatively similar to the cation excretion 
produced by increased secretion of the adrenal steroids. However, this re- 
sponse to an acute reduction in G.¥.R. was immediate, and it is not known 
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whether a similar response would occur in the absence of such unreabsorbed 
anions. The progressive nature of the response to change of posture in the 
present experiments, despite the absence of further change in creatinine 
excretion, suggests the involvement of a hormonal mechanism. 

It was previously suggested (Thomas, 1957) that this progressive response 
might be due to variations in the secretion of aldosterone by the adrenal 
cortex, stimulated by the altered distribution of extracellular fluid known to 
occur after change of posture. The responses described here on prolonged 
maintenance of the new posture are in accordance with this suggestion; thus 
unpublished experiments of Mills & Thomas have shown that intravenous 
administration of aldosterone to recumbent subjects causes changes in urinary 
composition similar to those which follow standing up. The following points 
of resemblance can also be made. First, the administration of exogenous 
aldosterone causes sodium retention which is accompanied by an increase in 
tubular ion-exchange mechanisms, as is indicated by an increase in (K + H) 
excretion (Mills, Thomas & Williamson, 1959; Liddle, 1958). Secondly, 
blocking of the action of aldosterone leads to a sodium diuresis which is 
accompanied by a decreased (K +H) excretion (Liddle, 1958). Thirdly, ad- 
ministration of exogenous aldosterone does not influence the rhythmic pattern 
in phosphate excretion (Mills, Thomas & Williamson, unpublished observa- 
tions). In the present experiments, any changes in phosphate excretion occur- 
red in the early periods after change of posture and were transient; the major 
changes in other urinary constituents in the later periods were accompanied 
by a normal diurnal rhythmic pattern in phosphate excretion. 

The behaviour of potassium excretion (Table 2 and Fig. 5) is also compatible 
with the involvement of a hormonal mechanism on prolonged maintenance 
of the new posture. Acute changes in G.F.R. can cause alterations in potas- 
sium excretion in the same direction (Lauson & Thompson 1958; Davidson, 
Levinsky & Berliner, 1958), presumably by changing the amount, of sodium 
presented to the site of ion exchange with potassium in the distal tubule 
(Davidson et al. 1958). In the present experiments the early changes in potas- 
sium excretion in the same direction as change in creatinine excretion may 
then be explained as being secondary to the early changes in G.F.R. The 
occurrence of later changes in potassium excretion in a direction opposite 
to the earlier changes (Table 2 and Fig. 5) despite the absence of further signi- 
ficant change in creatinine excretion (Fig. 5) suggests the involvement of 
different mechanism, with change in the magnitude of Nat = K+ exchange. 
Thus, on prolonged standing the distal tubular exchange of Nat = Kt, as 
well as Na+ = H+, appears to be stimulated, while on prolonged recumbency, 
these ion-exchange processes appear to be depressed. This change in the outputs 
of K+ and H* in the same direction is in marked contrast to the usual inverse 
relationship in the diurnal rhythms of K+ and H+ (Mills & Stanbury, 1954). 
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A similar finding was also reported by Epstein, Kleeman, Lamdin & Rubini 
(1956). 

The occurrence of specific changes in the tubular reabsorption of sodium 
after alteration of posture at any time of day can therefore be explained by . 
) variations in endogenous secretion of aldosterone. Support for this suggestion 
| is provided by the increased excretion of aldosterone that occurs within 
3 hr of standing up (Gowenlock, Mills & Thomas, 1959) and by the report that 
the maintenance of recumbency during the day prevents the increase in 
aldosterone excretion that occurs in ambulant subjects (Muller, Manning & 

Riondell, 1958). 

There is now extensive evidence for the existence of a homoeostatic mecha- 
nism concerned in the regulation of the volume of extracellular fluid (Smith, 
1957) involving variations in aldosterone secretion (Bartter, 1956). From the 
results of the present experiments it is concluded that the more prolonged 
changes in urinary excretion after change of posture represent an example of 
. the operation of this mechanism. 


SUMMARY 


1. In experiments on five subjects performed at different times of day 
urinary electrolyte outputs were determined for several hours before and after 
change of posture and compared with outputs in experiments in which the 
| initial posture was maintained. 

2. In continued recumbency diurnal rhythmic changes in urine outputs 
were accompanied by spontaneous rhythmic variations in the ratio Na: K. 

3. Renal responses to change of posture occurred at all times of day, but 
against a background of rhythmic variations in renal electrolyte excretion. 

4. At all times of day the sodium retention caused by standing up was 
associated with an increased hydrion excretion and the sodium diuresis caused 
by lying down with a decreased hydrion excretion, particularly on prolonged 
maintenance of the new posture. 

5. The ratio Na:K decreased after standing up, and increased after lying 
down. 

6. Prolonged maintenance of the new posture was associated with an 
increasing tendency to change in potassium excretion in the opposite direction 
to change in sodium excretion. 

7. It is concluded that, in addition to any change in sodium excretion 
due to alteration in G.F.R., the renal response to change of posture involves a 
specific tubular ion exchange of sodium for hydrion and potassium. 

8. The renal response to change of posture is discussed in terms of a homoeo- 
static fluid ‘volume receptor’ mechanism involving variations in aldosterone 
secretion. 
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RESPONSES OF THE SALIVARY GLANDS TO DISTENSION 
OF THE OESOPHAGUS AND RUMEN 
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There is abundant evidence that the parotid secretion of anaesthetized or 
decerebrate sheep, although continuous, is subject to reflex control (Clark & 
Weiss, 1952; Comline & Kay, 1955; Coats, Denton, Goding & Wright, 1956; 
Kay, 19586) and Ash & Kay (1959) have found that stimulation of certain 
areas of the reticulum and rumen in conscious animals causes marked increases 
in the flow of parotid saliva. Scheunert & Krzywanek (1929) measured the 
flow of saliva from oesophageal fistulae in conscious sheep whose parotid 
secretions were collected separately, and found that the volumes obtained 
from the fistulae were similar to the volumes of parotid secretion. The authors 
suggested that the fistula saliva came from the small glands of the mouth and 
indicated their importance. 

Inflation of the rumen in chloralosed sheep or calves may increase parotid 
secretion, but is an uncertain stimulus; with animals that respond to mild 
inflation further distension of the organ produces inhibition (Phillipson & 
Reid, 1958). This effect clearly needed further analysis especially as the small 
glands of the mouth also seemed to be responsive. Inflation of the rumen may 
cause distension of any or all parts of the stomach and, in the preparations 
used, of the oesophagus up to the mid-cervical region where the organ was 

The experiments described here were designed to localize the areas of 
stimulation and of inhibition and to examine the responses of each of the 
salivary glands. 

METHODS 
Acute experiments were conducted on thirty adult sheep and on six Ayrshire calves, 4-8 months 
old. Anaesthesia was induced by intravenous infusion of NaCl solution 0-9 % (w/v) saturated with 
chloralose at 40° C, and was maintained by further injections of the solution. 

Both parotid ducts were cannulated immediately behind the parotid papillae and the combined 
flow of saliva was recorded with a Thorp drop-counter and the saliva was collected in graduated 


cylinders. The submaxillary ducts and in some experiments the ducts of the sublingual and 
inferior molar glands were also cannulated. The latter are small serous glands that lie in the cheek 
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opposite the inferior molar teeth. The volumes of submaxillary saliva and the residual secretions 
dripping from the mouth and nose were recorded by collection in graduated cylinders and those 
of sublingual and inferior molar saliva by observing their movement down graduated pipettes. 

The oesophagus was cannulated in the neck. In some experiments the caudal end of the thoracic 
oesophagus was also cannulated. An incision was made in the left flank, just below and parallel 
to the last rib, and the oesophagus was ligated about 1 cm anterior to the cardia, care being taken 
to avoid damage to the abdominal roots of the vagus nerve. The cannula was introduced into the 
oesophagus so that its tip lay above the diaphragmatic hiatus. The trachea was cannulated and 
blood pressure was recorded from the femoral artery. 

Some sheep were fitted with rumen cannulae at an earlier operation; in the remainder the 
rumen was cannulated during the experiment. Four sheep and two calves were fitted with 
abomasal cannulae at least 2 weeks before the experiment and in one calf the abomasum was 
cannulated during the experiment. In two sheep the splanchnic nerves were cut at the level of 
the diaphragm and the abdominal sympathetic trunk from the Ist to the 4th lumbar ganglion was 
removed at least 2 weeks before the experiment. 

The rumen was distended either with free gas (air, N, or CO,) passed in through a meter, or with 
balloons inflated in various positions. When balloons were used their positions were established 
by radiography. The oesophagus was distended with free gas, fluid or a condom. The abomasum 
was distended with a condom. Rumen and oesophageal pressures were recorded with mercury 
manometers. 

At the end of each experiment the salivary glands were dissected out and weighed. 


RESULTS 


A continuous flow of parotid saliva was found in all experiments. Mucous 
fluid also dripped continuously from the mouth and sometimes from the nose, 
and will be referred to as the residual saliva. In both sheep and calves the 
resting flow of parotid saliva was 0-3-1-8 ml./min and that of the residual 
saliva about half as great. There was little or no resting flow of submaxillary 
saliva. 

Distension of the rumen and oesophagus 

The first experiments were conducted on sheep in which the cervical oeso- 
phageal cannula was closed and the rumen was inflated through its cannula. 
The flows of parotid and residual saliva were not affected at the lowest rumen 
pressures. In most experiments gas entered the oesophagus, causing visible 
dilation below the cervical cannula, at rumen pressures between 2 and 20 mm 
Hg. Within 5 sec the parotid flow increased and reached rates of secretion 
2-10 times greater than the resting flow. The flow of residual saliva increased 
by a similar amount. 

Further increases in rumen pressure reduced the parotid and residual flows 
to rates equal to or less than the resting flows. When the rumen pressure was 
reduced to 5-20 mm Hg stimulation of the parotid and residual secretions 
reappeared. The response ceased when the rumen was deflated. The rumen 
pressures at which parotid and residual secretions were stimulated and 
inhibited are given in Table 1. 

The parotid response to inflation of the rumen of a sheep is shown in Text- 
fig. 1. Similar responses were obtained in calves. 
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After the rumen had been inflated with gas the resulting rumen pressure fell 
rapidly to a lower maintained level. This fall was most marked at high 
pressures and was presumably due largely to relaxation of the organ although 
loss of gas by passage into the abomasum and by absorption may also have 
been concerned. The volumes of gas required to raise the rumen pressure by 
steps of equal size diminished progressively as the rumen pressure was 
increased, 


TaBLE 1. The threshold pressures in the rumen for stimulation and inhibition of parotid 
secretion in sheep and calves when the terminal oesophagus was not tied 


Rumen pressure (mm Hg) ... 0-9 10-19 20-29 30-39 40-49 50-59 
No. of experiments 
Stimulation ll 0 0 ; 
Partial inhibition 0 0 8 1 2 1 
Inhibition 0 0 2 3 2 1 


(mm Hg) 


Rumen pressure 


Text-fig. 1. The parotid response to inflation and deflation of the rumen. Records from above 
downwards: parotid saliva flow; blood pressure; rumen pressure; signal; time marker. CO, 
was introduced into the rumen as indicated. 


In some experiments on both species inflation of the rumen failed to 
stimulate salivary secretion. In all cases this appeared to be due to choking 
of the cardia or terminal oesophagus with rumen contents, for after saline or 
gas had been passed through the oesophagus into the rumen a second trial 
yielded positive results. In some trials the parotid response persisted after the 
rumen had been deflated. This appeared to be due to the presence of rumen 
contents in the oesophagus, for after the oesophagus was cleared the parotid 
flow returned to its resting level. After ligation of the terminal oesophagus 
inflation of the rumen alone either had no effect on salivary secretion or 
caused a slight reduction. 

Inflation of the oesophagus alone rapidly increased parotid and residual 
secretion until the flows were as much as fifteen times the resting value. The 
response appeared at pressures of 2-6 mm Hg, and was little diminished by 
raising the pressure to as much as 80 mm Hg. Similar responses were obtained 
when using O,, CO,, N,, NaCl solution 0-9 % (w/v) or rumen fluid to distend the 


| 
gas released by stages——_- 


510 R. N. B. KAY AND A. T. PHILLIPSON 


oesophagus, so the oesophageal receptors appear to respond to the mechanical 
effects of distension rather than to any chemical stimulus (Text-fig. 2). 

The response was fairly well maintained initially but declined by 25-50%, 
when the oesophagus remained inflated for 15 min. A graded response was 
obtained when the oesophagus was distended by stages with gas or by inflation 


Parotid 


Residual 


2 


Saliva flow (mi./min) 


Oesophageal pressure 


Text-fig. 2. The response of ads residual and submaxillary saliva flows to distension of the 
thoracic and lower cervical oesophagus with 100-135 ml. of the gases and liquids specified. 


of a condom. In two sheep inflation of a condom 6 cm long at different posi- 
tions in the oesophagus showed that the upper and lower parts of the thoracic 
oesophagus were equally sensitive, but that little or no response could be 
obtained from the cervical oesophagus; in a third sheep the cervical 
oesophagus was almost as sensitive as the thoracic oesophagus. 

Inflation of the rumen inhibited the parotid flow caused by oesophageal 


distension (Text-fig. 3). The threshold inhibitory rumen pressures are given in 


Table 2. Comparison with Table 1 shows that they are lower than those found 


0 
Submaxillary 
05 
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B.P. (mm Hg) 


Rumen pressure 
(mm Hg) 


pressure (mm Hg) 


10 sec 
3 6 


Text-fig. 3. The parotid secretion stimulated by inflation of the thoracic and lower cervical 
oesophagus was inhibited by inflation of the rumen. Records from above downwards: parotid 
saliva flow; blood pressure; oesophageal pressure; rumen pressure; signal; time marker. At 1 
60 ml. air was injected into the oesophagus; at 2 and 3 N,, 2-9 and 3-51. respectively, was 
introduced into the rumen. Gas was released from the rumen at 4 and 5 and from the 
oesophagus at 6. The large excursions in the oesophageal pressure record appeared to be 
due to total contractions of the oesophagus. 


TaBLe 2. The threshold pressures in the rumen for inhibition of the parotid response to 
oesophageal distension in sheep and calves when the terminal oesophagus was tied 
Rumen pressure (mm Hg) ... 0-9 10-19 20-29 
No. of experiments 
Partial inhibition ‘10 3 1 
Inhibition 5 8 3 
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before ligation of the terminal oesophagus. Moreover, in some preparations 
the response to distension of the oesophagus with a condom was smaller after 
ligation of the terminal oesophagus than before. 

In an attempt to locate the inhibitory receptors of the reticulo-rumen, 
balloons were inflated in various parts of the organ. Inflation of a balloon in 
the reticulum to 0-4-1-5 1. inhibited parotid secretion in five sheep (Text-fig. 4 
and PI. 1, fig. 1). 


B.P. (mm Hg) 


10 sec 


Text-fig. 4. The inhibitory effect of inflation of a balloon in the reticulum to 1-01. Records from 
above downwards: parotid saliva flow; blood pressure; signal; time marker. The position 
of the balloon is shown in Pi. 1, fig. 1. 


It was not possible to control the position of a balloon in the rumen exactly ; 
when inflated to more than 3 |. it tended to move to the centre of the dorsal sac. 
Quite different responses to inflation of rumen balloons were obtained in 
different preparations. Balloons inflated in the ventral sac (2-5-5-0 1.) and 
dorsal sac (0-5-5-0 1.) stimulated parotid and residual secretion in three sheep, 
although inflation of the rumen with free gas previously had had an inhibitory 
effect. The largest responses were obtained from the anterior dorsal sac, the 
smallest from the mid-dorsal and ventral sacs. An example of this is shown in 
Text-fig. 5. 

Inhibition of parotid secretion was a more frequent response; this occurred 
in six sheep after inflation of balloons in the ventral sac (1-5-5-0 1.), dorsal sac 
(1-3-3-5 1.) or anterior dorsal sac (1-0-2-01.). The inhibitory effect appeared 
within 15 sec of inflation of the balloon and usually had disappeared within a 
minute or less of deflation (Text-fig. 66). 
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10s 


Text-fig. 5. Stimulation of parotid secretion by inflation of a balloon to 5-01. in the dorsal rumen 
sac during the Ist signal, and to 3-01. in the anterior rumen sac during the 2nd signal. 
Records from above downwards: parotid saliva flow; blood pressure; signal; time marker. 
These stimuli increased parotid secretion in only three out of nine sheep. 


(mm Hg) 


1 


Text-fig. 6. Stimulation and inhibition of parotid secretion from the rumen. Records from above 
downwards: parotid saliva flow; blood pressure; signal; time marker. a: Parotid secretion 
stimulated by inflation of a balloon over the reticulo-rumen fold to 1-0 1.; the position of the 
balloon is shown in Pl. 1, fig. 2. 6: 1st signal, parotid secretion inhibited by inflation of a 
balloon in the ventral rumen sac to 4-0 1.; 2nd signal, parotid secretion stimulated by inflation 
of a condom in the thoracic oesophagus to 100 ml. 


(mm Hg) 


q 
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In one calf parotid secretion was slightly inhibited by inflation of balloons 
in the ventral and dorsal sacs (4 1.) but was strongly stimulated from the 
anterior dorsal sac (2 1.). In another calf weakly inhibitory responses followed 
distension of each compartment. 

In seven sheep a balloon was introduced into the reticulum before ligation 
of the terminal oesophagus and was withdrawn slightly so that it lay over the 
reticulo-rumen fold. Inflation of this balloon to 0-3-2-5 1. strongly stimulated 
parotid and residual secretions (Text-fig. 6a and Pl. 1, fig. 2). A similar effect 
has been reported by Comline & Titchen (1957). This response generally dis- 
appeared after ligation of the terminal oesophagus, but in one animal it 
returned after an interval although even so it was preceded by a transient 
inhibition. 

Distension of the abomasum 

In many experiments in which the empty rumen was inflated with free gas 
radiography showed that the abomasum also became distended and that this 
gas subsequently penetrated into the small intestine. The possible effects of 
abomasal distension on salivary secretion were therefore investigated. 

Inflation of a condom to 0-6-1-1 1. in the chronically cannulated abomasum 
slightly inhibited parotid secretion in two sheep, as is shown in Text-fig. 7, 
but had no effect in another two sheep. Distension of the abomasum to 1-4 1. 
had no effect in two calves, although a slight inhibition was obtained in a third 
by distending the pyloric part of the abomasum to 1 I. 


Afferent nerves 

Section of the cervical vagus nerve in sheep and calves abolished all increases 
in parotid and residual secretion previously caused by stimulation of the 
oesophagus and reticulo-rumen. Section of the abdominal roots of the vagus 
at the level of the diaphragm abolished the response to stretch of the reticulo- 
rumen fold but did not alter the response to stimulation of the oesophagus. 

The inhibitory effect of inflation of the rumen alone on parotid and residua! 
secretion was not reduced by section of the cervical sympathetic nerves, and 
was as marked in the two lumbar-sympathectomized sheep as in normal 
preparations. After cutting the abdominal roots of the vagus inflation of the 
rumen, to an extent that previously had sharply inhibited the parotid response 
to oesophageal distension, had little effect (Text-fig. 8). 

A greater degree of inhibition was obtained if the rumen was inflated to 
pressures that were supramaximal when the vagus was intact, but even these 
pressures rarely caused full inhibition. This elevation of the threshold rumen 
pressure for inhibition is evident in a comparison of Table 3 with Table 2. 

In two sheep both the resting parotid and residual flows and the response of 
these flows to distension of the oesophagus increased substantially after cutting 
the abdominal roots of the vagus, and distension of the abomasum slightly 
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B.P. (mm Hg) 


—-Abomasum> 
Text-fig. 7. The inhibitory effect of abomasal distension. Records from above downwards: parotid 
saliva flow; blood pressure; signal; time marker. The thoracic oesophagus was distended 
with a condom inflated to 120 ml., and the abomasum with a condom inflated to 1020 ml. 


Ocsophageal pressure 
3 (mm Hg) 


esophagus———_- 
~Rumen- ~Rumen- 

Text-fig. 8. The effect of section of the roots of the abdominal vagus on the inhibitory response to 
rumen inflation. Records from above downwards: parotid saliva flow; oesophageal pressure ; 
signal; time marker. The thoracic and lower cervical oesophagus was inflated with 120 ml. 
air, and the rumen with (a) 3-0 1. N, and (6) 3-11. N,. a, before vagal section; 6, 12 min after 
section. 
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stimulated parotid secretion. Pulling strongly on the sutured abdominal 
incision or twisting the rumen cannula caused a moderate inhibition of parotid 
secretion which remained after cutting the abdominal roots of the vagus. 


TaBLeE 3. The threshold pressures in the rumen for inhibition of the parotid response to oesophageal 
distension in sheep and calves after section of the abdominal roots of the vagus when the 
terminal oesophagus was tied 

Rumen pressure (mm Hg) ... 0-9 10-19 20-29 


No. of experiments 
Partial inhibition 1 5 ee 
Inhibition 0 0 1 
Contractions of the oesophagus 


In both sheep and calves sharp fluctuations of oesophageal pressure were 
often recorded when the rumen and oesophagus were inflated together, or 
when the oesophagus alone was distended with gas, liquid or a balloon (Text- 
fig. 9). The fluctuations appeared to be due to contractions of the whole of the 
oesophagus below the cervical cannula, for a pair of balloons were affected 
simultaneously when one was placed in the lower cervical oesophagus and the 
other in the lower thoracic oesophagus. Repeated bursts of these contractions 
were occasionally caused by oesophageal pressures as low as 4 mm Hg. 
Inflation of the rumen during oesophageal distension stimulated oesophageal 
contractions although it inhibited parotid secretion (Text-fig. 3). In about 
half the preparations these contractions were infrequent or absent. 


Changes in blood pressure and respiration 


Small increases in blood pressure caused by inflation of the rumen or 
oesophagus can be seen in Text-figs. 1, 6 and 9. Occasionally they were 
preceded by a transient depressor response. Such increases sometimes cul- 
minated in apnoea and in marked fluctuations in blood pressure such as are 
shown in Text-fig. 10. 

The rumen pressure at which such a crisis appeared varied greatly from 
sheep to sheep. It was 10-20 mm Hg in two sheep that were at least 8 years 
old, and 20, 42 and 44 mm Hg respectively in three 5-year-old sheep. In three 
2- to 5-year-old sheep and three calves rumen pressures of 40-50 mm Hg did 
not cause a crisis. One 5-year-old sheep withstood pressures of 60-80 mm Hg, 
but developed transient apnoea on release of the gas. 

Distension of the oesophagus alone sometimes slowed respiration, and in 
one 6-year-old sheep inflation of the oesophagus with 100 ml. regularly inhibited 
respiration. Urination, defaecation or movements of the head and legs were 
sometimes caused by rumen or oesophageal pressures of more than 20 mm Hg. 
Swallowing often occurred during distension of the oesophagus or rumen. 
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B.P. (mm Hg) 


Oesophagus inflated 
Text-fig. 9. Oesophageal contractions stimulated by inflation of the thoracic and lower cervica 


oesophagus with N, to pressures of approximately 20 and 60 mm Hg. Records from above 
downwards: blood pressure; oesophageal pressure; signal; time marker. 


B.P. (mm Hg) 


Oesophagus (mm Hg) 


Rumen 
(mm Hg) 


Text-fig. 10. The effects of excessive inflation of the ramen on parotid secretion and blood pressure. 
Records from above downwards: parotid saliva flow; blood pressure; oesophageal pressure ; 
rumen pressure; signal; time marker. N, was introduced into the rumen: at Ist signal, 6 1.; 
2nd signal, 4 1.; 3rd signal, 3 1.; 4th signal, 21. After the final introduction of gas the rumen 
cannula began to leak and 3 min later the remaining rumen gas was siowly released. 
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Rates of salivary secretion 

The maximum rate of parotid secretion in twenty-six sheep was 7-4- 
32-5 (mean 18-6) ml. saliva/g parotid tissue/hr. In the six calves the maximum 
rate of secretion was less, ranging from 3-4 to 11-7 (mean 7-9) ml./g/hr. In 
twenty-five sheep and six calves it was possible to measure the total volumes 
of parotid and residual saliva secreted during the course of each experiment, 
which lasted 3-7 hr. In sheep the ratio of the volume of the residual saliva to 
that of parotid saliva ranged from 0-32 to 1-47, mean 0-67, and in calves from 
0-38 to 1-51, mean 0-95. The mucous nature of the residual saliva made its 


10- Parotid saliva 


8 

6-4 

4- 
2- 
E 0 T T T T T T 
E10 Residual saliva 
8 
2 
4 
4 

T T T 


T 
Hours 
Text-fig. 11. The rates of secretion of parotid and residual saliva in a calf. Various stimuli were 
applied to the oesophagus and rumen during the course of the experiment. 


flow irregular so that the flows of parotid and residual saliva did not fluctuate 
in an identical manner from minute to minute. When the saliva volumes were 
averaged over about 10 min periods, however, a clear correspondence between 
their rates of secretion emerged. This is shown in Text-fig. 11. 

The flow of submaxillary saliva was small or absent both in sheep and in 
calves. The total volume collected in each experiment varied from 0 to 8% of 
the total parotid saliva volume. Occasionally, as in the experiment illustrated 
in Text-fig. 2, a slow submaxillary secretion was produced by stimuli which 
increased parotid secretion. | 

In three sheep and one calf the rate of secretion of one sublingual gland was 
recorded. A continuous flow of very mucous saliva was found at rates of 
0-005-0-010 ml./min. The flow was increased by those stimuli that increased 
parotid secretion, and reached a maximum rate of secretion of 0-033 ml./min, 
about 0-3% of the current combined parotid flow. 

In four calves the flow of saliva from one lobe of an inferior molar gland was 
recorded. The flow was continuous and was stimulated and inhibited in 
parallel with parotid secretion. The rate of secretion (ml./g gland/hr) was of 
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the same order as that of the parotid glands, and the mean weight of the 
inferior molar glands in twenty-five sheep and in’six calves was 24 % and 21%, 
respectively, of the mean weight of the parotid glands. Thus the volume of 
saliva secreted by the inferior molar glands might reasonably be one-fifth to 
one-quarter of that secreted by the parotid glands: 

Parotid, residual and inferior molar salivas were similar in inorganic com- 
position. Each contained 80-130 m-moles CO,/l. At slow rates of flow the 
residual saliva was fluid enough to form drops, but when the flow increased it 
became so mucous that it fell from the tongue in a continuous thick strand. 


DISCUSSION 


The fact that distension of the thoracic oesophagus was responsible for the 
increased salivary flow caused by rumen inflation was not unexpected, for 
Clark & Weiss (1952) have shown that mechanical stimulation of this area 
increases parotid secretion in anaesthetized sheep. Kay (19586) found that 
stretching of the cardia and terminal oesophagus with a finger has a similar effect 
in decerebrate sheep, and Ash & Kay (1959) have obtained the same response 
in conscious sheep. It is unlikely that the excitatory responses caused by 
stretching the reticulo-rumen fold and other parts of the rumen with balloons 
play any part in the response to inflation of the ramen and oesophagus with 
free gas. Inflation of the rumen only with free gas invariably inhibited the 
response to oesophageal distension; and radiography showed that it did not 
stretch the muscular pillars of the organ as much as did distension with a - 
balloon. 

Inhibition of salivation during excessive inflation of the rumen appears to 
be attributable primarily to distension of the rumen and reticulum. Distension 
of the abomasum to volumes similar to those used in the present experiments 
causes marked inhibition of reticulum contractions (Phillipson, 1939; Titchen, 
1958), but this inhibitory effect appears to act weakly and inconstantly on the 
salivary glands, as it does on the eructation reflex (Weiss, 1953). Inflation of 
the rumen inevitably stretches the abdominal wall and causes pressure on the 
other abdominal viscera and on the diaphragm. Of these additional factors 
there is evidence only that interference to the abdominal wall causes inhibition 
of salivation. As section of the abdominal roots of the vagus caused a marked 
reduction in the inhibitory effect of distension of the rumen while inhibition 
from the abdominal wall was unaltered, there can be little doubt that inflation 
of the reticulo-rumen sac is the most important source of inhibition. 

Inflation of balloons in the reticulo-rumen sac showed that inhibition could 
be produced from the reticulum, but gave no indication whether the inhibitory 
receptors of the rumen are arranged diffusely or are concentrated in certain 
parts. To inhibit parotid secretion the reticulum had to be distended to 
a greater volume than was used by Titchen (1958) to stimulate reticulum 
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contractions. Inhibition of parotid secretion and reticulum movements has 
also been produced in conscious sheep by inflation of balloons in the ventral 
and dorsal sacs of the ramen (Ash & Kay, 1959). 

It was necessary to verify the position of the stimulating balloons by radio- 
graphy. Until this method was adopted irregular results were obtained from 
the reticulum and the reticulo-ruminal fold, which proved to be the result of 
errors in positioning the balloon for, except by radiography, it was impossible 
to know whether the reticulo-ruminal fold was or was not stretched. Once 
certainty had been established in this way distension of the reticulum alone 
was invariably inhibitory and stretch of the reticulo-ruminal fold was excita- 
tory. The small difference in positioning the balloon responsible for the two 
effects is shown in Pl. 1 and the large difference in the resulting parotid secre- 
tion is shown in Text-figs. 4 and 6. The positions of the balloons in the aboma- 
sum and rumen were also established by radiography. Inhibitory responses 
from the rumen were more frequent than excitatory responses and the nature 
of the response was constant for each animal. The difference from animal to 
animal did not appear to be the result of stimulating different structures. 

It is probable that ligation of the terminal oesophagus caused an inhibitory 
artifact, since inhibitory responses were enhanced and stimulatory responses, 
especially from the reticulo-rumen fold, were depressed after ligation. It did 
not appear to cause permanent damage to any nervous pathway concerned, 
however, for the stimulatory effect of stretch of the reticulo-rumen fold could 
reappear after ligation when this procedure was performed early in the 
experiment. 

As has already been shown (Kay, 19585), the vagus nerve forms the afferent 
pathway for salivary reflexes originating in the oesophagus and forestomach. 
A considerable number of the inhibitory afferent fibres were also present in 
the vagus at the level of the diaphragm. The course of the remainder was not 
determined, although if any were present in the splanchnic nerve or the lumbar 
sympathetic chain they were too few to demonstrate by chronic sympathec- 
tomy. Afferent fibres from the abomasum concerned with inhibition of the 
oesophageal groove in calves appear to follow a similar course through the 
vagus (Comline & Titchen, 1951) but most of those concerned with inhibition 
of the reticulum pass via the splanchnic nerves to the spinal cord (Titchen, 
1958). 

Previous work on ruminant saliva has been concentrated on the parotid and 
submaxillary secretions. In the present experiments, under conditions of 
alternating stimulation and rest, the volume of saliva secreted by the small 
glands of the mouth has been found to be similar to that secreted by the 
parotid glands, and little or none of this was due to sublingual secretion. This 
is in agreement with the results obtained in conscious sheep by Scheunert & 
Krzywanek (1929) and it seems probable, as was suggested by these authors, 
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that the secretion of the small salivary glands makes an important contribu- 
tion to the fluid and alkali entering the rumen in normal sheep. 

The inability of the calves’ parotid glands to secrete saliva as rapidly as those 
of adult sheep suggests that in 4- to 8-month-old calves, as in young goats 
(Kay, 1958a), the parotid glands have not reached full maturity. 

Distension of the rumen or oesophagus frequently increased blood pressure 
and caused a variable depression of respiration. In extreme cases apnoea and 
violent fluctuations in blood pressure, suggestive of adrenaline release, were 
observed. Dougherty, Meredith & Barrett (1955) found that inflation of the 
rumen causes similar changes in the blood pressure and respiration of conscious 
sheep and that there are marked differences in the responses of different sheep. 
In cats and rabbits also, moderate pressor responses are obtained by distension 
of the oesophagus and stomach and by electrical stimulation of the central end 
of the abdominal vagus nerve (Cragg & Evans, 1958). 

Distension of the rumen with foaming digesta may occur in cattle grazing 
rich leguminous pasture, and certain cows are more susceptible to this condi- 
tion than others (Johns, 1958). Variations among sheep and calves have been 
encountered in the present experiments. The most notable differences were 
found in (1) the pressures in the rumen required to inhibit salivary secretion; 
(2) the rate of salivary secretion and the relative quantities of parotid and 
residual saliva secreted; (3) the pressures in the rumen required to cause 
apnoea and critical changes in blood pressure; (4) the responses of the parotid 
gland to inflation of a balloon in various parts of the ramen; (5) the occurrence 
or absence of oesophageal contractions following distension of the oesophagus 
and rumen; and (6) the degree of salivary inhibition caused by inflation of the 
abomasum. 

It is not possible to decide how far these differences were properties of the 
individual animals and how far the result of varying experimental conditions. 
In particular, the size of the salivary response and the pressure needed *» the 
rumen to cause inhibition were both clearly affected by experimental artifacts, 
such as blockage of the oesophagus with digesta, the inhibitory effects of tying 
the terminal oesophagus, and the depth of anaesthesia. 


SUMMARY 


1. The effects of distension of the rumen, oesophagus and abomasum on 
salivary secretion were studied in sheep and calves under chloralose anaesthesia. 

2. When the cervical oesophagus was tied, inflation of the rumen with free 
gas led to increased secretion by the parotid glands at pressures up to 20 mm 
Hg and to progressive inhibition of secretion at higher pressures. 

3. When the oesophagus was tied immediately above the cardia, distension 
of the oesophagus alone had a purely excitatory effect and inflation of the 
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rumen alone a purely inhibitory effect. Distension of the abomasum had a 
weak and inconstant inhibitory effect. 

4. The afferent fibres concerned in the excitatory responses were found to 
be in the cervical vagus nerve, and some of those concerned in the inhibitory 
responses were in the vagus at the level of the diaphragm. 

5. Little submaxillary or sublingual saliva was secreted. The flow of residual 
saliva dripping from the mouth and the secretion of saliva by the inferior 
molar glands changed in parallel with parotid secretion. The volume of 
residual saliva secreted was variable but sometimes equalled the volume of 
parotid saliva. 

6. High pressures in the rumen caused increases in arterial blood pressure 
that sometimes culminated in violent fluctuations, and caused irregularity or 
cessation of respiration. 


7. Oesophageal contractions were sometimes caused by distension of the 
oesophagus and rumen. 


We wish to thank Mr L. Vowles for his skilled assistance and Mr D. Benzie for radiography of 
the preparations and the radiographs shown in PI. 1. 
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EXPLANATION OF PLATE 
PLaTE | 
Fig. 1. Radiograph of a balloon inflated with 1-0 1. of gas in the reticulum (of. Text-fig. 4). The 
reticulo-rumen fold is posterior to the upper part of the balloon. 
Fig. 2. Radiograph of a balloon inflated with 1-0 1. of gas stretching the reticulo-rumen fold 
(cf. Text-fig. 6). The indentation in the lower posterior border of the balloon is caused by the 
reticulo-rumen fold; the larger part of the balloon lies in the anterior sac of the rumen. 
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CHANGES IN THE PHYSICAL PROPERTIES OF THE UTERINE 
CERVIX OF THE RAT DURING PREGNANCY 


By MARGARET L. R. HARKNESS anv R. D. HARKNESS 
From the Department of Physiology, University College London 


(Received 25 March 1959) 


During pregnancy changes take place in the walls of the birth canal, making 
it more distensible and so facilitating the passage of the foetus at parturition. 
Investigators of this subject have concentrated mainly on the pelvic bones and 
interosseous ligaments, in particular the symphysis pubis (see Hisaw & 
Zarrow, 1950; Frieden & Hisaw, 1953); little work has been done on the uterine 
cervix which is the narrowest part of the birth canal. We have examined 
changes in the physical properties of the uterine cervix of the rat during 
pregnancy. The results indicate that these mainly affect the connective tissue 
framework and consist, first, of an increase in size so that the diameter to 
which it can be expanded by relatively low forces is increased, and secondly, 
of a change in the nature of the material which resists mechanical stretching. 
This material in the non-pregnant animal is only slightly distensible even by 
strong forces acting for long times. At the end of pregnancy, however, it shows 
properties of a very viscous material and distends slowly and progressively 
even under low forces. The change in the physical properties of the cervix does 
not begin until the 11-12th day of pregnancy and then is progressive; it 
involves a relative diminution in the amount of smooth muscle present and a 
fall in the concentration of collagen. 

Preliminary accounts of some of this work have already been published 
(Harkness & Harkness, 1956; Harkness, 1957). 


METHODS 


Albino rats of a local strain were used. All pregnancies were first pregnancies. They were timed 
either by allowing the males access to the females for 1 day when the vaginal smear consisted of 
epithelial cells only; or, without examining vaginal smears, by allowing batches of females access 
to males for 2 days and taking the middle of this period as the start of pregnancy (Harkness & 
Harkness, 1954)—e.g. if males were present from Monday morning to Wednesday morning, 
Tuesday morning was taken as the start of pregnancy. Timing by this method should be accurate 
only to +1 day but in practice it seems to show rather greater accuracy. We have records of 
fifty-four pregnancies which went to term, and in which the time of parturition was known within 
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approximately 12 hr, i.e. during the night or during the day. The mean time from the middle of 
the period when the males were present to the middle of the period when parturition took place 
was 21-9407 days (8.n.). To the nearest day two out of the fifty-four littered on the 20th day, 
fourteen on the 21st, thirty on the 22nd, seven on the 23rd and one on the 24th. 

Animals were killed by stunning and breaking the neck. The cervical part of the uterus was 
dissected from the surrounding tissue; the horns of the uterus were cut across at their lower ends, 
and the wall of the vagina was cut through all round at its junction with the cervix (Fig. 1). The 
isolated cervix was then used for examination of extensibility, or for chemical or histological 
investigation. 

Extensibility of cervix 

Apparatus. The tissues were pulled out between two cylindrical steel rods, one of which was 
inserted through each cervical canal. The two rods were arranged one above the other, the lower 
fixed immovably and the other parallel to it in a movable stirrup on which force could be exerted 


5mm 


Fig. 1. Isolated cervix of rat from ventral aspect showing lines (dotted) at which it was separated 
from the uterine horns above and vagina below. 


to pull the two rods apart. The apparatus, which was made mainly of Perspex, is shown in Fig. 2. 
The stirrup (S) holding the upper rod (r,), was attached above to a stainless-steel rod (r), which 
went vertically upwards through a cylindrical channel (c) 5 cm long, in a sheet of Perspex. The 
rod r, was held in position in this channel by stainlesss-steel rings, one inserted at either end, 
through which it could move freely up and down. Two cotton threads (a, 6) were attached to the 
upper end of the rod, one (b) going over a Perspex wheel (w) 5 cm in radius to a pan (p) on which 
weights could be placed, the other (a) going up vertically to the short arm of a light spring-loaded 
lever (e) which gave a magnification of x 3-0 or x 4-5. The spring (not shown in Fig. 2) merely 
served to keep the thread taut and did not exert a significant force on the cervix, X, traversed by 
the rods r,, rs. The relation between the vertical movement of the upper rod and that of the 
writing point on the drum was linear over the range used. The weight of the pan was adjusted so 
that it balanced that of the stirrup, etc., attached to the other end of the thread over the wheel. 

Procedure. The curve of movement of the writing point on the drum was traced with the drum 
stationary. The excised cervix was then placed in position, immersed in Ringer-Locke’s solution, 
and, with the two rods as near together as their mountings would allow, a zero line was marked 
round the drum. The apparatus was usually then released with no load on the pan. Under these 
conditions a small constant force of approximately 2 g was exerted on the upper rod, this force 
representing the effect caused by the upper rod and its mounting being immersed in an aqueous 
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medium instead of air. This small force was applied for approximately 1 min. Subsequent pro- 
cedure was as follows: 

(1) A load was placed on the pan and left there, the effect on the tissue being recorded on the 
drum. In most cases a load of 50 g was used, and it was left on for 30 min. In some of the later 
experiments loads varying from 20 to 600 g were used for times up to 100 min or more. 

(2) The load was increased in steps of 25 g every 15 sec until the tissue ruptured. Each time 
the load was increased all weights were removed momentarily from the pan so that the force on 
the tissues was reduced momentarily to the initial 2 g. 

In a few experiments a series of loads were repeatedly added and removed. 

Some of the experiments were done at a room temperature of 22° C, some at 37° C. 


Cervix 


Scm 5 cm, 


Fig. 2. Diagram of apparatus used for stretching cervix: inset, stirrup, etc., on larger scale. 
For explanation see text. 


Measurements. The vertical distance of the recording point on the drum from the zero line was 
measured with a ruler to the nearest 0-1 mm. Corrections were made for error in timing, caused 
by the fact that the writing point of the lever moved in an arc and not vertically, and for a small 
amount of bending which took place in the rods through the cervix. 

Calculations. The measurements outlined above give the distance apart of the two rods through 
the cervix. Changes in this distance do not, however, fully represent changes in the tissue. If the 
small amount of tissue between the canals is ignored, the cervix can be regarded as an approxima- 
tion to a belt (in the engineering sense) of tissue surrounding and connecting the rods (Fig. 3). 
When the rods are pulled apart the tissues further out from them are stretched relatively less than 
those nearer in. The relative magnitude of the difference between the effect on the outer and inner 
tissue depends upon the thickness of the tissue, and how much of it lies at the ends round the rods 
as compared to between them. In considering the results we have ignored these complications 
initially and taken the inner measurement as representing the length of the belt of tissue. This 
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inner measurement is the length of a line round the rods and joining their outer edges and is 
referred to as the ‘inner circumference’ of the cervix. It is clearly defined and equals the circum- 
ference of one rod plus twice the distance between the centres of the rods. In some cases the 
approximate length of the outer circumference was also calculated, on the assumption that the 
shape of the tissue was as is indicated in Fig. 3, two halves of a cylindrical tube joined by tissue of 
the same wall thickness. The outer circumference is less well defined as one needs to know the 
length of the tissue along the rod and this was only known approximately. 

Estimates of the cross-sectional area of the material under stress were made by dividing the 
total weight of the tissue by the circumference. This method is again an approximation and 
depends on the assumption that the tissues stretch evenly without necking, which was based on 
the appearance of the tissues both to the naked eye and in sections. 

Histological investigations. Tissues were fixed in Rossman’s fluid, embedded in paraffin, and 
sectioned at 6. Sections at recorded intervals of approximately 300 1 were mounted and stained 
by Masson’s method. The relative proportion of smooth muscle, epithelium and other tissue 
(connective tissue and associated cells other than smooth muscle) was estimated by the relative 
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Fig. 3. Diagrammatic representation of transverse section of cervix in position on rods. 
The tissues in the centre of the cervix, between the two canals, are not shown. 


frequency with which they coincided with points on a graticule in the eye-piece of a microscope, 
after the manner used by Clgiikley (1943), but sampling systematically, not at random. Counting 
was done under a } in. (4mm) objective with x 10 eye-piece giving a magnification of x 400. The 
grid of the graticule consisted of a rectangle 7 x 8 squares of side 23 1 each. The lowest horizontal 
line on the graticule was placed along one edge of the section. The slide was then moved sideways 
until the junction of a horizontal line and one of the side vertical lines of the graticule lay just 
outside the section. The tissues under the junctions of this horizontal line and the vertical lines 
were then counted. The section was then moved across a distance of two fields (320 1) and another 
count made; and so on. When a traverse was complete the section was moved 3204 in a vertical 
direction and sideways if necessary in steps of 320 1 until the edge was reached. The section was 
then traversed as before, but in the reverse direction; and so on until the whole section had been 
covered. The sample of points counted consisted, therefore, of a regular series of points on a square 
grid, after the manner of a photograph in a newspaper. This method is defective theoretically, 
since it is conceivable that there might be some regularity in the tissue which coincided with the 
regularity of the grid. Nothing of the sort was noticeable, and it is in fact most unlikely to cause 
error, since the symmetry and regularity in the tissue is radial, so that its angle to the grid varies 
continuously. In general, counts were made only on every second or third mounted section, i.e. 
at intervals of 0-6-0-9 mm along the length of the cervix. The intervening sections were examined 
to check the fact that nothing was being lost by making the counts at wider intervals. The propor- 
tion of the different tissues counted by volume was estimated by integrating the counts against 
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distance through the block. The proportion of tissue lying in the central strip between the rods 
was estimated in some samples by projecting the sections on to paper, tracing and measuring the 
areas of the parts with a planimeter, and integrating against distance through the block as above. 

Some samples were fixed by immersion in absolute alcohol while they were under tension in the 
apparatus and left for 30 min. They were then removed from the apparatus and placed in Ross- 
man’s fluid for 2 hr before being embedded in the usual way. 


Measurement of circumference of foetal head 

A piece of inextensible adhesive tape was wrapped round the head to form a cylinder with the 
long axis coinciding with that of the head. The width of the tape was greater than that of the head 
so that the maximum circumference of the latter determined the circumference of the cylinder, 

which was split along its length, flattened and measured. 

Chemical methods 
All specimens were blotted on filter paper to remove any adherent mucus. For estimation of 
collagen the tissue was sealed in a test tube with 5 ml. 6n-HCI, and autoclaved for 4 hr at 40 lb./ 
sq. in. (2-8 kg/cm*). The hydroxyproline content of the hydrolysate was estimated by the method 
of Neuman & Logan (1950), and the result multiplied by 7-46 to obtain the amount of collagen 
present. For estimation of the hexosamine the cervix was heated for 6 hr in a centrifuge tube with 
2 ml. 2x-HCl at 100° C. The volume was then made up to 4 ml. with distilled water; 2 ml. of the 
solution was taken for estimation of hexosamine by the Elson—Morgan reaction (1933), after 
removal of other chromogens on a column of Dowex 50 (Boas, 1953). A portion of the hydrolysate 


was also taken to dryness on a water-bath, dissolved in 6N-HCl and autoclaved as described above 
for estimation of hydroxyproline. 


RESULTS 

General description of changes in cervix and results of histological examination 
In the non-pregnant rat the cervix is a compact structure, paler than the 
uterine horns and of firmer consistency. The transition between it and the 
softer horns is gradual and the line of division somewhat obscure. The junction 
of the cervix with the walls of the vagina is, on the other hand, quite clearly 
defined, as these walls for the most part run at right angles into the cervix a — 
little above its lower end, which projects into the top of the vagina (Fig. 1). 
The cervix shows some variation in shape during the oestrous cycle, the outer 
diameter being more uniform in dioestrus than at oestrus, when the uterine 
end of the cervix appears to swell more than the vaginal end. At 11-12 days 
of pregnancy the appearance is the same as in dioestrus. From then until the 
end of pregnancy the cervix gets progressively larger. The vaginal projections 
at the lower end become more prominent, and towards the end of pregnancy 
the upper end tends to be dilated by the lowermost foetuses. The cervix also 
becomes softer and more easily distorted. 

Histological examination shows that the upper end of the cervix has a struc- 
ture similar to that of the uterus; there is an outer layer of smooth muscle 
running mainly longitudinally, over a layer of mainly circular smooth muscle, 
inside which is a layer of connective tissue surrounding the epithelial lining, 
which 18 folded (Fig. 4). The two canals are separated by a bar of connective 
tassue containing smooth muscle. Counts of the coincidence of the graticule 
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with different types of tissue showed that 40-50%, of this upper part of the 
cervix consisted of smooth muscle cells, the proportion diminishing downwards 
until almost none is found in the parts which project into the vagina (Fig. 5). 
As the amount of smooth muscle diminishes its organization into definite 
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Fig. 4. Structure of rat’s cervix. The lower part of the figure is a reconstruction of the cervix from 
serial sections viewed from the caudal end from 30° in front of the transverse plane, 30° 
above horizontal plane and 60° to side of vertical sagittal plane. The far half of the cervix is 
drawn solid. The top two figures A and B are full-face views of sections: A through the 
region where the cervix and vaginal walls join, and B through the upper end of the cervix 
where the structure is similar to that of the uterine horns. 


TaBLE 1. Relative proportions of different types of tissue in cervix 


Connective 
Epithelium Muscle tissue Total sites 
(%) (%) (%) counted 

Dioestrous 9-6 37-6 52-8 5056 
79 303 61-8 
12 days t 7-9 . . 

Littering 15-0 18-8 66-2 12390 
Littering 13-2 19-9 69-9 12817 


from counts of frequencies of occurrence of these tissues at sites of crossings in eye-piece graticule. 
The total number of sites examined is given in the last column. 


layers becomes less well defined, and the proportion of connective tissue 
increases. Approximately half to two-thirds of the whole cervix consists of 
connective tissue and associated cells, while smooth muscle accounts for only 
20-40 % (Table 1). It appears that the proportion of smooth muscle is less at the 
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end of pregnancy than at other times. At this time the muscle is for the most 
part broken up into separate small bundles separated by connective tissue. 
Serial sections through cervixes fixed while being stretched (Fig. 6) confirmed 
the impression obtained by naked-eye examination that extension took place 
fairly evenly round the circumference. There was evidence of compression of 


Vagina + Attachment of vagina Uterus 
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Fig. 5. Proportion of epithelium, connective tissue (including cells) and smooth muscle at 
different levels in cervix of rat. The figure shows an example from a 21-day-pregnant rat; 
the ordinate shows the proportion of intersections of graticule on the different tissues counted 
in transverse section ; the abscissa shows the distance from the lowermost part of the vaginal 
end of the cervix. 


Fig. 6. Tracings of transverse sections of cervix fixed under load while being stretched. Both 
sections are in the region of the junction of the cervix and vagina. A, dioestrous, 50 g initial 
loading and load raised to 600 g or 100 g/mm?; fixed under load of 600 g. B, 21-day-pregnant, 
50 g loading fixed after 100 min when rate of extension was constant; the bar of tissue between 
the two canals has been cut through to allow a sheet of Perspex to be introduced to hold the 
tissues in shape during the procedure leading to embedding. 


the tissue in contact with the rods in the caudal half of the cervix, but not in 
the upper part where the structure resembles that of the uterus. It appears 
that most of the resistance to stretching is provided by the lower end of the 
cervix, which contains a relatively high proportion of connective tissue 
compared to muscle. 

The proportion of the whole cervix ceil by the central partition 
dividing the two canals was estimated from serial sections in two samples, both 
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fixed while being stretched. One sample (dioestrous) gave a figure of 14% and 
the other (21 day) 8%. 

Chemical investigations. Non-pregnant animals and animals at stages of 
pregnancy from the 11th day to the end were investigated, since the evidence 
from physical investigations indicated that the major structural change did 
not take place until after the 11-12th day. At this time the weight and total 
collagen content of the cervix were approximately the same as in dioestrus 
(Table 2; Fig. 7). From then on both increased, weight at first more than total 


7 
6 
5 5 10. 
& 
§ 3 463 


10 20 
Time of pregnancy (days) 


Fig. 7. Relation of collagen content of cervix to time of pregnancy. The length of the 
vertical line through each point is twice the standard error of the mean. 


collagen so that the concentration of collagen fell. Later both increased to- 
gether, and collagen concentration did not change much after the 18th day. 
The increase in total weight and collagen content of the cervix over the whole 
period of pregnancy is small compared with that in the pregnant horn, but 
comparable with the change in a horn containing no foetuses (Harkness & 
Harkness, 1954). Hexosamine concentration was lower in the second half of 
pregnancy than in the non-pregnant animals, but not as much lower as the 
concentration of collagen, so that the ratio of hexosamine to collagen rose. 

Investigation of the distribution of collagen showed that the concentration 
was in fact higher in the lower part of the cervix, as was to be expected from 
the histological investigation (Fig. 8). Estimation of the collagen content of 
the partition between the two canals in a non-pregnant rat gave a figure of 
7% of the total collagen. 
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Physical properties of the cervix 

The experiments were of three different types: 

(1) A constant load (50 g) was applied for a standard time (4 hr) at 22° C to 
samples taken at different times of pregnancy. No change took place in the 
properties of the cervix until the 11-12th day of pregnancy, but from then on 
change was continuously progressive. Further experiments were therefore 
confined to the 11—12th day and the 21st day (term) of pregnancy. 

(2) The tissues were subjected to a load which was increased in regular steps 
until they ruptured, at 22° and 37° C. 


Region of junction 
10+ 
8 
Section of uterus 
50 100 150 


Cumulative weight (mg) 


Fig. 8. Concentration of collagen at different levels in rat’s cervix. Each rectangle represents a 
thick section of the cervix, shaded and unshaded rectangles representing two different rats, 
both in dioestrus. The position of the sample is represented on the abscissa by cumulative 
weight starting from the vagina on the left. The dotted sections further to the right represent 
uterus immediately above the cervix. 


(3) The tissues were subjected to various constant loads for longer periods 
than in (1) at 37° C. 

Effect of constant load at 22° C for half hour. The effect of a 50 g load on the 
inner circumference of the cervix in dioestrus and of 11—12-day-pregnant rats 
is shown in Fig. 9 (upper curves). The tissue extends rapidly at first but with 
gradually diminishing velocity. The curves approximate to straight lines if 
circumference is plotted against the logarithm of time; ie. | = |, +klogt, 
where / is the circumference and ¢ is time (Fig. 9, lower curves). 

Later in pregnancy the relation of circumference to log. time is no longer 
linear (Fig. 10). The slopes of the curves increase with the time after the 
addition of load, and as pregnancy advances this tendency becomes accen- 
tuated. We have summarized the progressive increase in circumference shown 
by the curves lying one above the other by taking the circumference 5 sec 
(1 mm at the drum speed used) after the addition of load, i.e. 1, in the formula 
above for non-pregnant rats, or the equivalent by application of the same 

34-2 
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formula to the initial part of the curve for the others. This measurement (l,) 
increases progressively in the second half of pregnancy (Table 3 and Fig. 14), 
and at the end has a value rather under half the circumference of the foetal 
head. In three litters immediately after birth, in which 6, 8 and 10 foetuses 
respectively were measured, values of the circumference of the head were 
35-3 40-5, 34-9+0-3 and 35-8+0-3 mm, the estimate of variation being the 
standard error of the mean. 

Effect of progressively increasing load on cervix. The tissuc= were first sub- 
jected to a load of 50 g as in (1), and after that the load was increased by 25 g 


Inner circumference of cervix (mm) 
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Fig. 9. Effect of 50 g load on inner circumference of cervix of rat. The results are mean values for 
rats killed in dioestrus or at 11-12 days of pregnancy. The upper curves show relation of 
circumference (left-hand ordinate) to time, the lower curves relation of circumference (right- 
hand ordinate) to time on log. scale. 


every 15 sec until the tissue ruptured. The following groups of samples were 
investigated : 

Oestrous and post-oestrous (keratinized vaginal smear), at 22° C. 

Dioestrous, at 22° C and 37° C. 

21 day pregnant, at 22° C and 37° C, with and without papaverine sulphate 
(50 mg/l.) 

The results showed: 

(1) Dioestrous and 11-12 day samples gave identical results, as found 
previously when using a single 50 g load. 

(2) Temperature had no definite effect. 
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Inner circumference of cervix (mm) 
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Fig. 10. Effect of 50 g load on inner circumference of cervix of rat at different times cf pregnancy. 
The curves represent mean values for all rats at the time of pregnancy given on the right-hand 
side. D = dioestrus; Oe = oestrus. Semi-log. scale. 
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Fig. 11. Time course of change of inner circumference of cervix of rat in pregnancy and compari- 
son with time course of separation of ends of symphysis pubis in mice. The circumference of 
cervix given is the measurement 5 sec after addition of 50 g load at 22° C (/,). The length of 
the vertical line through each point is twice the standard error of the mean. The figures for the 
symphysis pubis are taken from Hall & Newton (1946). 
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(3) Papaverine had no definite effect. 

(4) The cervixes from 21-day-pregnant animals behaved as if they had a 
circumference 4—5 times larger than the others, though in other respects they 
differed relatively little. 
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Fig. 12. Relation between inner circumference of cervix and tension. The points represent the 
mean values at intervals of one-tenth of the breaking tension, got by interpolation between 
actual values for all rats in the groups named. Tension (abscissa) is expressed as a fraction of 
breaking tension. The dotted part of the ordinate represents a break in the scale. D = 
dioestrus, Oe = oestrus, Poe = post-oestrus (keratinized vaginal smear). P = papaverine. 
Semi-log. scale. 

The relation between load and circumference was found to be approximately 
linear. The results are summarized in Fig. 12 in which the circumference (on a 
logarithmic scale) is plotted against tension given as a proportion of breaking 
tension. 

When the load on the tissue was increased, the whole load was removed 
momentarily at each change. This caused an immediate diminution in circum- 
ference. Further shortening took place slowly if the tissue was left unloaded, 
but this was not studied. The relation to tension of this immediate shortening, 
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expressed as a fractional change in circumference, is shown in Fig. 13. The 
immediate change increases quickly with load to begin with, but progressively 
less quickly with higher loads, while the permanent change increases slowly 
at first but faster with higher loads. The approximate linearity of the curves 
of loaded length (Fig. 12) is the result of these two changes behaving oppositely, 
the second getting greater as the first gets less. The immediately reversible 


11-12, 37° 
37° 


0 02 0-4 06 08 10 
Fraction of breaking tension 
Fig. 13. Relation between immediate fractional change in length — od of inner 


circumference of cervix, on removal of load, and tension. The points represent mean values 
for all rats in the group named: abbreviations as in Fig. 12. 


change is rather less in the 21-day animals than the others, but little stress 
can be laid on this difference in the general level of the curves since it could be 
produced by small differences in easily distensible material. Of more interest 
is the shape of the curves, the slopes of which give a measure of the modulus 
of elasticity of the tissue. For the region from 0-4-0-9 times breaking load 
Young’s modulus calculated from the slope of the curves in Fig. 13 is of the 
order of 3x 10° dynes/cm? of collagen for the mean of all results for non- 
pregnant animals, and 1 x 10° dynes/cm? for the 21-day animals. The figures 
for the whole tissue are lower in proportion to the concentration of collagen. 
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These figures are high and of the order to be expected if the collagen itself were 
being stretched (see Burton, 1954). 

The tissue usually ruptured at some point between the rods. The load re- 
quired was about 4 kg at 21 days and }-1 kg at other times (Table 4). 
Calculation of breaking tension per unit area of tissue gave a figure of 30-40 g/ 
mm? of the 21-day animals, and higher values for the others, varying from 
60 g/mm? at oestrus to 150 g/mm? at 11-12 days of pregnancy. When the 
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| 12 day pregnant, 600 g 
10 
i l 
0 50 100 
Time (min) 


Fig. 14. Examples of the effect of prolonged loading on the cervix at 37°C. The curves are 
labelled with the source of the sample and load which was put on it. 


figures are calculated per unit area of collagen (Table 4, bottom row) the 
differences between the 21-day group and the others, which have a higher 
concentration of collagen, are reduced, though the 21-day samples are still 
apparently weaker. 

Effect of prolonged loading. The results in this case were considerably affected 
by temperature; only experiments at 37° C will be reported in detail. In non- 
pregnant and 12-day animals the rate of increase in length diminished con- 
tinuously to the end of the experiment (2 hr). In these cases length, as before, 
was approximately a linear function of log. time. Cervixes from 21-day- 
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pregnant animals behaved quite differently, for the rate of increase in length 
instead of diminishing continuously with time quite soon became constant and 
continued so for a long period. In some experiments the tissues eventually 
ruptured under the same load, the rate of increase of length rising shortly 
before this happened. An example is shown in Fig. 14, together with 12 day 
and 24 hr post-partum samples for comparison. 

Similar results were obtained in which three loads in the ratio 4, 1, 14 were 
added repeatedly at constant intervals of time ($ min). These experiments were 
originally done to investigate the effect of a given series of loads at different 
lengths, but the measurements of length changes were not sufficiently accurate 
to give the required information. The mean load was taken for combining the 
results with those for single loads. The combined results are given in Table 5 


Tare 5. Effect of prolonged loading of cervix at 37° C 


Day of pregnancy 21 21 21 21 lp 12 N.P. 
No. of ks 3 3 4 4 , 3 4 
Load (g) 300 


20 50 100 150 4-600 4-600 
Caleulatedtension 15404 32405 8+2 1341 2147 2743 2142 


= 38-24102 332426 320420 370430 209403 96417 90:05 
xl 210+20 390+190 460490 16304500 943 1344 20+11 


The estimate of variation is the standard error of the mean. For meaning of |, and K see text and 
Fig. 14. The tissues were in most cases subjected to a constant load which was left on for about 100 min 
if they did trupture before that time, or in some experiments to 1}, 1 and 1} times the median load 
in sequence. 1 pp = | day post-partum. N.P. = non-pregnant. 


which also includes results for samples removed 24 hr post-partum. These 
behave like non-pregnant ones, and provide the clearest contrast with the 
behaviour of the 21-day-pregnant samples. The slope of the linear part of the 
curve relating length to time is given for the 21-day animals (K) and also the 
intercept with the ordinate obtained by extrapolation back to zero time (l,). 
There is no constant corresponding to K for animals killed at other times but 
for the sake of comparison a value has been calculated from the average slope 
of the last half-hour before the experiment was stopped (Table 5, bottom 
line). This value represents a maximum for the true one, which might in 
theory have been found if the experiment had been sufficiently prolonged. 
The results are summarized in Fig. 15; the rate of the prolonged increase in 
length (measured by K/l,) is plotted against tension per unit cross-sectional 
area of collagen calculated for circumference J. This figure shows clearly 
the difference between the 21-day-pregnant cervix and the non-pregnant, 
12-day-pregnant and 24 hr post-partum condition. The results for 21-day 
animals suggest that, within the limits of tension used, the rate of elongation 
is proportional to tension; there is no evidence of rate being relatively less at 
the lower tensions, so if there is a yield point it must be below the tensions used. 

The fact that the relation between circumference and time becomes linear 
at 21 days made it easy to test whether a simple rheological model consisting 
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of single viscous and elastic elements in parallel (‘delayed elasticity’, Kelvin 
or Voigt model in rheological terms), combined in a series with a viscous 
element, would describe the results. This model under load is described by 
| = k,+k,(1—e*#) +k,t, where k, is the K of Table 5. This expression, how- 
ever, did not fit our curves well. No attempt was made to fit more complex 
models, for example, one with two delayed elastic elements. 
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Fig. 15. Relation between rate of elongation of tissues of cervix under constant load, and tension 
per unit cross-sectional area of collagen. For 21-day animals (@) or animals killed while 
littering (©) the ordinate is the slope (K) of the linear part of the curve of extension under 
constant load (Fig. 14) divided by the length (/,) at zero time obtained by extrapolation of 
the line back. Tension is calculated for length J,. For other samples (©) the source is written 
in the open circle, O = oestrus, D = dioestrus, X = post-oestrus, 11—12-day-pregnant, 
1P = 24 hr post-partum. For these samples, in which the curve of extension against time 
never becomes linear (see text), K is the average slope in the last half hour of the experiment 
and |, is taken as the length at the beginning of this time. If true values could be obtained by 
more prolonged experiments they would be lower than those shown. Most of the figures were 
obtained in experiments with constant loads. Those obtained from experiments with a series 
of loads repeatedly applied are distinguished by small lines (-®, ©). In these, lengths and 
tension under the median load are used for calculation. ~ 
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An estimate of the temperature coefficient of the linear extension at 21 days 
was made by going down from 37 to 17° C in steps of 5° C and then up again, 
the tissue be‘ag left 5 min at each temperature and the slope () measured ; 
the mean between the value of K when the temperature was falling and when 
it was rising was taken for the final estimate at each temperature. The results 
are given in Fig. 16. The temperature coefficient was of the order of 2. 


logi0 K (mm/min) 


10 
Temperature (°C) 

Fig. 16. Effect of temperature on rate of extension of tissues of cervix of 21-day-pregnant rats 
under constant load. The lines show the relation between logarithm of K, the rate of increase 
of length of circumference, and temperature. Each line represents a separate experiment in 
which temperature was lowered from 37° C in steps of 5° C and then raised again. Each 
value of K is the mean of two values obtained, one when the temperature was being reduced, 
one when it was being increased. The letters (A, B, C) opposite the right-hand end of each 
line denote individual samples, and the figures the weight of the load. 


DISCUSSION 


In its reaction to tension the non-pregnant cervix behaves as one would expect 
of a highly collagenous tissue, and it seems clear that most of the physical 
properties must be determined primarily by the collagenous framework. The 
pregnant cervix behaves similarly in some respects but differently in others, 
and before going on to discuss the nature of the changes we have investigated, 
it is convenient to consider first what structures in the tissue, other than the 
collagenous framework, might be concerned. It appears that, in general, cells 
do not have much mechanical strength, so one must assess the relative impor- 
tance of smooth muscle and connective tissue elements, of which collagen is 
clearly the most important as it is a mechanically strong material present in 
much larger amounts than any other. The collagenous framework must have 
been primarily concerned in the change from the normal state to that found at 
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the end of pregnancy, in which continuous extension takes place under low 
load. Our evidence indicates that activity of smooth muscle is also relatively 
unimportant in most of the other phenomena investigated. Papaverine had 
no apparent effect on the results. Signs of muscular activity were rarely seen 
on the records and where they could be detected they produced only small 
irregularities on the tracing. At 21 days activity of muscle could often be seen 
when the cervix was excised but by the time it was put into the apparatus it 
was apparently flaccid. Many of the experiments were carried out at lengths 
near the limit at which the tissues rupture on the relatively flat part of the 
length-tension curve, at tensions near to or above the probable maximum 
tetanic tension, which is in the region of 30 g/mm? of muscle fibre. As the 
histological evidence indicates that smooth muscle forms only about a third 
or less of the volume of the tissue, and as only a part of that present is oriented 
in the direction of tension, the possible effect of its contracting is reduced still 
further; it is unlikely to have affected tension—length curves under load. It is 
probable, therefore, that smooth muscle did not affect our results appreciably 
by contraction, and any effect it may have had was due solely to the fact that 
it forms a viscous material within the meshes of the collagenous network. 


The non-pregnant cervix 


The progressively diminishing rate of extension under a constant load 
presumably results from the fibres of the collagenous network being kinked 
initially and then pulled out straight. This process involves movement of fibres 
in a resisting medium at an angle to the direction of stress, which becomes 
more difficult as the fibres become straighter and both the force transmitted 
and the effect on length of a movement sideways lessen. The rate of change of 
length decreased continuously with time and the tissue behaved as if the 
ultimate links between the fibres of the network were effectively rigid or of 
very high viscosity. This appears to be the normal condition in at least some 
connective tissues, e.g. sclera and cornea, and walls of blood vessels, which 
can withstand tension for very long periods without change in length. Stresses 
in arterial wall, calculated from data on the composition of the walls of arteries 
in the dog (Harkness, Harkness & McDonald, 1957), are in the range of 10- 
100 g/mm? collagen, i.e. in the lower range of those applied in the present 
experiments. 

The part of the increase in circumference under load which was immediately 
reversible on removal of load reached higher values (approximately 20%) 
than would be expected if it were due to the recoil of straightened collagenous 
fibres, judging by comparison with results for tendon, in which the fibres are 
oriented in parallel bundles and can only be extended about 10% before 
rupture (e.g. Stucke, 1950). 

The stress in the tissue at the time of rupture, per unit area of collagen 
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(about 1-2 kg/mm?), is low compared to that found in tendon, which is of the 
order of 5-20 kg/mm? collagen (Cronkite, 1936; Stucke, 1950). In tendon the 
fibres run parallel to one another so that all resist stress, whereas in the present 
case fibres at obtuse angles to the line of stress will play little part in resisting 
it. In the present instance also there is clearly a certain amount of collagen, 
e.g. projecting at the ends, which, regardless of fibre orientation, plays little 
part in resisting stress. However, the discrepancy seems too large to be 
accounted for entirely by these factors, which suggests a difference in the 
ultimate links in the network. 


Cervix in pregnancy 

Nature of change in cervix. In pregnancy the cervix increases in weight, and 
from histological examination this increase appears to represent mainly growth 
of connective tissue and epithelium rather than smooth muscle. The concentra- 
tion of collagen becomes lower and there is some indication of relative increase 
in the mucopolysaccharide component of connective tissue, as judged by 
hexosamine estimations. However, hexosamine is not specific to mucopoly- 
saccharides, being also present, for example, in plasma proteins, so more 
direct information is needed. 

The behaviour of the tissues at the end of pregnancy differed from that in 
non-pregnant animals in two particular respects. First, the tissue behaved as 
if the circumference of the connective tissue framework was larger, the mean 
level of the length—tension curves being at greater length at the end of pregnancy 
than normally. This type of change appears to be similar to that described by 
de Vaal (1946), Uyldert & de Vaal (1947) and Kroc, Steinetz & Beach (1959), 
who measured the diameter of the cervix by pushing in a conical peg by hand 
until resistance was felt, or until the tissue ruptured. They also recorded a 
progressive increase in diameter from the 13th day of pregnancy onwards. 
The extrapolation to zero load of the tension-length curves can be taken as a 
measure of the size of the unstretched framework (a, line 5, Table 4), which 
reaches a circumference rather over half that of the foetal head on the 21st 
day of pregnancy, one day before term. This type of change would obviate 
the necessity for any stretching of the cervix at parturition if it progressed 
until the circumference of the cervix was as large as that of the foetus, and 
would explain the cases of precipitate labour which are seen from time to time 
in women. It seems that the increase in size is not a simple growth process but 
involves change in shape. If the shape remained the same and all parts grew 
proportionately, circumference should increase in proportion to the cube root 
of the weight, whereas it increases at approximately the same rate as the 
weight. 

Secondly, the tissue behaved as if the ultimate links holding the structure 
together were viscous, the tissue stretching continuously under low stress. 
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This slow extension accounts for the increase in slope of the curves of circum- 
ference against log. time under constant load (Fig. 10). It does not greatly 
affect length-tension curves or assessment of change in size of the connective 
tissue framework in the present experiments, because the rate of increase of 
load was comparatively rapid. Its effect was still further reduced by tempera- 
ture in the experiments done at 22° C. It seems probable on a priori grounds 
that this property may play a part in bringing about the first change, i.e. in 
circumference. A connective tissue framework in this extensible state could 
be relatively easily moulded by growth of cells or other type of swelling within 
its meshes, in contrast to the state of affairs more generally found, for example 
in cirrhotic liver, where it appears that rigid strands of connective tissue 


determine the shapes into which groups of cells restricted by them grow. We — 


have no evidence as to where the tissue slips during this slow elongation. The 
structural unit of collagen in the tissues appears to be a fibril of indefinite 
length and diameter varying from 300 A up to 1000 A or more in adult animals 
but generally fairly constant in any individual tissue. When tissues are broken 
up mechanically, e.g. by ultrasonic vibration, the separation is generally 
between these fibrils, and it seems probable that slip occurs in the same 
place. 

Time course of change in pregnancy. We have only detailed information on 
the time course of the first: two changes discussed above, the change in size of 
the framework. All evidence indicates that at 11-12 days the state of the 
cervix differs in no essential respect from that found at dioestrus. From then 
on there is a continuous increase in the circumference of the cervix. There is 
nothing in the time course to suggest a relation with the weakening of the 
foetal membranes (Harkness & Harkness, 1955) which takes place rapidly at 
about the 19th day. It is of interest, however, that when allowance is made 
for a small difference in duration of pregnancy the time course of the change 
closely resembles that found by Hall & Newton (1946) for the separation of the 
ends of the symphysis pubis of the mouse (Fig. 11). Steinetz, Beach & Kroc 
(1957) have recently investigated the changes in symphysis and cervix (by 
de Vaal’s method) simultaneously in mice and confirmed this coincidence in 
time relations directly. Both changes start at a time which coincides approxi- 
mately with the time when the foetal circulation begins to develop and increase 
progressively to the end of pregnancy. This coincidence of time course suggests 
a common factor controlling the two. It seems probable that ‘relaxin’ is 
concerned, since the evidence that it causes the change in the symphysis is 
strong (see Hisaw & Zarrow, 1950; Frieden & Hisaw, 1953), and there is 
evidence that it can produce a change in the circumference of the cervix of the 
same sort as occurs in pregnancy (Graham & Dracy, 1952; Zarrow, Neher, 
Sikes, Brennan & Bullard, 1956; Kroc et al. 1959, by de Vaal’s method; 
Cullen & Harkness, 1957, by method described above). 
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SUMMARY 


1. Changes in the extensibility, chemical composition and histological 
structure of the uterine cervix of the rat during pregnancy have been investi- 
gated. 

2. The cervix in the non-pregnant rat is a compact structure containing a 
high proportion of collagen (5-10 g/100 g wet weight) and relatively little 
smooth muscle (20-30°% by volume estimated by a modification of Chalkley’s 
(1943) method in fixed material. 

3. The cervix from 11-12-day-pregnant rats was found not to differ in 
any significant way from that of the dioestrous animal. From this time 
onwards changes took place which continued progressively to the end of 
pregnancy. 

4. The wet weight of the cervix increased about two and a half times, the 
total collagen content rather less than twice, so that concentration fell between 
the 11-12th day and the end of pregnancy. This drop in concentration was not 
accounted for by relatively greater growth of smooth muscle than connective 
tissue, as evidence was obtained that the proportion of smooth muscle 
diminished in nregnancy. 

5. Extensibility of the cervical tissue was investigated by pulling it out 
between two parallel rods, one through each canal. The results indicated that 
in pregnancy two changes took place; first, an increase in natural size of the 
connective tissue framework, so that the circumference to which it could 
easily be stretched increased three to four times; and secondly a change in 
behaviour of the tissue under load. When the normal crevix was put under 
constant load the rate of extension decreased progressively with time. At the 
end of pregnancy the rate of extension did not diminish progressively but 
reached a constant value at which it stayed, for a long period, increasing again 
before the tissue ruptured. This slow extension took place under relatively 
low loads, and was affected by temperature (Q,, = 2). The evidence indicated 
that this change took place in the collagenous framework, which behaved 
normally as if the ultimate links in it were rigid but in pregnancy as if they 
were Viscous. 

6. The change in circumference of the cervix was continuously progressive 
from the 11—12th day of pregnancy onwards. 


We are very grateful to Professor Sir Lindor Brown for much help in preparing the manuscript 
and to Mrs J. Astatiev for drawing Fig. 4; to Miss Shirley Fitch for her skilled technical assistance, 
and to the Nuffield Foundation and Medical Research Council for grants towards this work. 
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THE EFFECT OF ANTAGONISTS ON THE RESPONSE OF THE 
FOREARM VESSELS TO ADRENALINE 
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Adrenaline given by continuous intravenous infusion has a dilator effect on 
the vessels of the human forearm, an initial transient four- to fivefold increase 
in flow being followed by a sustained dilatation at about double the resting 
level (Allen, Barcroft & Edholm, 1946). Both of these effects are still present 
after blocking the nerves to the forearm and immediately after cervical 
sympathectomy and are therefore not nervously mediated (Whelan, 1952). On 
intra-arterial infusion into the brachial artery, however, only the initial tran- 
sient dilatation is seen, and the flow during the latter part of the infusion 
is either unaltered from the resting level or is reduced, depending on the dose. 
The release by adrenaline of an intermediate dilator substance has been 
invoked to account for the difference between the effects of the two routes 
of administration (Whelan, 1952) but detailed knowledge of the mechanisms 
underlying the responses of the forearm vessels to adrenaline is lacking. It 
is not known, for example, whether the initial transient increase in flow repre- 
sents a true transient vasodilatation or whether it is produced by a combina- 
tion of vasodilator and vasoconstrictor actions of adrenaline which differ in 
their times of onset. The adrenaline antagonists offer a method of analysing 
these responses, since the antagonists are considered to act primarily on the 
‘excitor’ or ‘constrictor’ effects of adrenaline; and evidence is presented in 
this paper that the responses of the forearm vessels to adrenaline represent a 
balance of constrictor and dilator effects. 


METHODS 


The subjects were healthy medical students between the ages of 20 and 34 years. The laboratory 
was maintained at a temperature of 23+ 1° C, and the subject rested on a couch for at least half 
an hour before observations were begun. Blood flow through one or both forearms was measured 
by venous occlusion plethysmography, by means of water-filled, temperature-controlled plethys- 
mographs (Greenfield, 1954) and flow was recorded four times a minute during the periods of 
observations. Intra-arterial infusions of adrenaline and antagonists were made through a 3 cm 
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short bevel 21-gauge needle, inserted pointing distally into the left brachial artery in the ante- 
cubital fossa through a small area of anaesthetized skin. The needle was situated between the 
collecting cuff and the proximal end of the plethysmograph. It was connected by a 55 cm length 
of polythene tubing (dead space 0-5 ml.) to one of two mechanically-driven syringes, thus enabling 
a rapid change over from one infusion to another. 

Throughout the control periods NaCl solution 0-9% (w/v), containing ascorbic acid 0-03%, 
was infused continuously at a rate of 4 ml./min. Solutions of L-adrenaline tartrate (British Drug 
Houses, Ltd.) were made up in ascorbic-acid-saline so that the minute dose was contained in 
4 ml., and were infused within 3-5 min of preparation. Doses are expressed throughout in micro- 
grams of the base per minute. 

In nine experiments adrenaline was given intra-arterially in doses of 0-008, 0-02, 0-05 or 1 »g/min 
for periods of 5 min before and after intra-arterial infusion of chlorpromazine into the same arm, 
two or three infusions of different doses being given. Chlorpromazine (Largactil, May and Baker) 
was given in a dose of 0-2 mg/min in NaCl 0-9% (w/v) for 6 min (Ginsburg & Duff, 1956). Pre- 
liminary experiments had demonstrated that two or more consecutive infusions of adrenaline 
intra-arterially at 10 min intervals gave almost identical changes in forearm blood flow. In 
three experiments adrenaline was given intravenously into a vein of the right arm, in a dose of 
10 g/min for 10 min, before and after intra-arterial infusion of chlorpromazine into the left arm. In 
three experiments the antagonist used was phenoxybenzamine hydrochloride (Dibenyline; Smith, 
Kline and French) in a dose of 0-2 mg/min intra-arterially for 6 min (Duff & Ginsburg, 1957) and 
the dose of adrenaline given intra-arterially was 0-05 and 1 yg/min for 5 min. 


RESULTS 


Figure 1 shows the results of three of the experiments in which intra-arterial 
infusions of adrenaline 0-05 «g/min were given before and after intra-arterial 
chlorpromazine in the same arm. In each case, following the administration of 
chlorpromazine the forearm blood flow did not return to the resting level after 
the initial transient increase as it did in the preceding control infusion, but 
settled to a level at least double the resting value. The same effect of chlorpro- 
mazine was seen in all the other experiments in this series, and at all the doses 
used, a total of fifteen infusions in nine subjects. 

Figure 2 shows that chlorpromazine had a similar effect on the response 
of the forearm vessels to intravenous infusion of adrenaline, the sustained 
vasodilatation during the last 7-8 min of the infusion being greatly enhanced, 
exceeding the peak of the initial transient dilatation. A similar response was 
seen in each of two other experiments, the sustained level being only slightly 
less than the initial peak in one, and two-thirds of the peak value in the other. 

In Fig. 3 are illustrated two runs on one subject in whom adrenaline was 
given intra-arterially before and after infusion of phenoxybenzamine into 
the same arm. In the upper frame the dose of adrenaline was 0-05 wg/min and 
the effect of the phenoxybenzamine was similar to that of chlorpromazine; 
namely, it converted the adrenaline constrictor response into a sustained 
elevation of forearm blood flow after the initial transient vasodilatation. 

The lower frame shows the effect of the antagonist on the response of the 
forearm vessels to a larger dose of adrenaline, 1 ug/min. Before the administra- 
tion of the antagonist this dose of adrenaline had a marked constrictor effect 
35-2 
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Forearm blood flow (mi./100 mi./min) 


Fig. 1. The effect in three subjects of intra-arterial infusions of adrenaline (0-05 ug/min) on the 
forearm. blood flow, before (©) and after (@) the intra-arterial infusion of 1-2 mg chlorpro- 
mazine in 6 min into the same arm. The period of infusion of adrenaline is indicated by the 
vertical lines. 
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Adrenaline 


10 g/min 


Minutes 
Fig. 2. The effect of intra-arterial chlorpromazine (1-2 mg in 6 min) on the response of the fore- 


arm blood flow to intravenous infusion of adrenaline (10 ug/min); (©) before chlorproma- 
zine, (@) after chlorpromazine. 
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after the initial transient dilatation. After the administration of the antagonist 
the constrictor effect was ‘reversed’, i.e. it was replaced by a striking dilata- 
tion. This ‘reversal’ of the constrictor effect of adrenaline 1 »g/min was ob- 
served with chlorpromazine as well as with phenoxybenzamine. 


CS. 
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Minutes 
Fig. 3. The response of the forearm blood flow to intra-arterial infusions of adrenaline in doses of 
0-05 »g/min (upper frame) and 1 yg/min (lower frame) in the same subject, before (©) and 
after (@) intra-arterial infusion of phenoxybenzamine, 1-2 mg in 6 min. 


DISCUSSION 


Dibenamine and its congeners such as phenoxybenzamine have been shown to 
antagonize the constrictor but not the dilator effects of adrenaline in animal 
tissues (Nickerson, Henry & Nomaguchi, 1953). Chlorpromazine is believed to 
act in a similar fashion (Huidobro, 1954). The present findings of a sustained 
dilator effect of intra-arterial adrenaline in the forearm after infusion of these 
antagonists and the reversal of the constrictor effect of large doses, are con- 
sistent with the hypothesis that there are at least two components to the vas- 
cular effect of adrenaline on the human forearm, namely a sustained dilator 
action and a sustained constrictor action. Antagonism of the constrictor 
component during intra-arterial infusions unmasks the dilator effect and 
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augments the sustained dilatation seen during intravenous infusions. Accord- 
ing to this hypothesis, part, if not all, of the initial transient increase in flow, 
so typical of the response of the forearm vessels to adrenaline, must be com- 
posed of one or both of these sustained effects, otherwise the transient pheno- 
menon would be unaffected by the antagonists. Return to the resting level 
of flow was, however, never observed. Indeed, in some cases the prolonged 
increase in flow was such as to amount to a continuation of the initial transient 
dilatation throughout the remainder of the infusion. 

The results also suggest that the ‘after dilatation’ frequently seen after 
cessation of intra-arterial injection of adrenaline can be accounted for by a 
more rapid wearing off of the constrictor phase of adrenaline action before the 
dilator effect has ceased. In the presence of the antagonists ‘after dilatation’ 
was not seen, but the return of the flow from the elevated level at the end of 
the adrenaline infusion was strikingly similar to the return of the flow to 
the resting level following ‘after dilatation’. 

The sites of action of the constrictor and dilator effects of adrenaline 
remain uncertain. Different receptors, ‘excitor’ and ‘depressor’ within the 
same cell, may be involved, or the sites may be in different regions of muscle. 
The possibility that the forearm response to adrenaline is a simple balance 
between dilatation in muscle and constriction in skin is unlikely, since Allen 
et al. (1946) have pointed out that the fall in forearm fiow from the peak value 
of the initial dilatation is often greater than the resting flow through skin and 
muscle combined. 

Since adrenaline antagonists unmask a sustained vasodilatation during 
intra-arterial infusions, the question arises whether this sustained effect is 
related to the sustained increase seen on intravenous infusions in the absence 
of antagonists. Such a relation is most easily visualized if it is postulated that 
adrenaline releases an intermediate substance from muscle which is respon- 
sible for vasodilatation (Whelan, 1952). 

The possibility that histamine might be the responsible agent is made un- 
likely by the observation of Mongar & Whelan (1953). While Barcroft & 
Cobbold (1956) have demonstrated the feasibility of lactic acid being the inter- 
mediate substance, definite evidence on this point is lacking. 

The concentration of such a substance in the blood passing through the 
forearm would be considerably higher during intravenous than during intra- 
arterial infusions because of the greater muscle mass involved. Hence a 
greater vasodilator effect would be produced on intravenous infusions. It 
would follow that this hypothetical substance would also be responsible for 


some or all of the sustained dilatation seen on intra-arterial infusions after 
the administration of antagonists. 
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SUMMARY 


1. When adrenaline is infused into the brachial artery in man in doses of 
0-05-1 »g/min, after an initial transient increase, the forearm blood flow 
returns during the remainder of the infusion to a level near or considerably 
below the resting level, the constrictor effect being more marked with the 
higher doses. 

2. After the introduction of the adrenaline antagonists chlorpromazine and 
phenoxybenzamine this constrictor effect of adrenaline is reduced or abolished 
and a dilator effect is unmasked, the flow during the latter part of the adrena- 
line infusion being considerably greater and sometimes amounting to a con- 
tinuation of the initial ‘transient’ dilatation. 

3. These findings suggest that the responses of the forearm vessels to intra- 
venous and intra-arterial infusions of adrenaline represent a balance between 
vasoconstrictor and vasodilator actions. On intra-arterial infusion the dilator 
effect is obscured by a more potent constrictor action. 


We wish to express our thanks to the students who volunteered as subjects; to Mr A. McNeil 
for expert technical assistance and to Dr D. H. LeMessurier and Mr M. Dean who assisted in 
some of the experiments; to British Drug Houses Ltd, London, for a gift of adrenaline tartrate 
and to Smith, Kline and French, Ltd, London, for a gift of dibenyline. 
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ACT IVITY OF SINGLE NEURONES IN THE HYPOTHALAMUS: 
EFFECT OF OSMOTIC AND OTHER STIMULI 
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Despite the physiological importance of the hypothalamus, as far as we are 
aware no systematic attempts have been made to study the characteristics and 
firing frequency of single hypothalamic neurones. The availability of a simple 
micro-electrode which permits accurate histological location together with 
good signal-to-noise ratios (Green, 1958) encouraged us to see whether any 
differences in firing frequency could be detected in supra-optic and para- 
ventricular neurones when solutions of various concentrations were injected 
into the common carotid blood stream. At the same time, we have sought for 
evidence of sensitivity of these and neighbouring neurones to other modalities 
of stimulation. 

Verney (1947) and Jewell & Verney (1957), after a painstaking analysis of 
the mechanism whereby the injection of hypertonic solutions into the common 
carotid artery releases antidiuretic hormone, concluded that osmoreceptor 
elements are located in an area of the anterior hypothalamus and medial 
thalamus supplied by blood from the internal carotid artery. Various attempts 
have been made to correlate injection of hypertonic solutions into the carotid 
with electrical changes in the brain. Von Euler (1953) found d.c. shifts or 
‘osmopotentials’ in the supra-optic and pre-optic regions. Sawyer & Gernandt 
(1956) recorded a triphasic response in the subcortical electro-encephalogram 
with gross bipolar electrodes. This response was not seen in the supra-optic 
nucleus but was detected in adjacent areas. Further study (Holland, Cross & 
Sawyer, 1959) confirmed these findings and suggested that the release of 
neurohypophysial hormone was correlated with a preceding burst of high- 
amplitude fast activity in the lateral pre-optic area or the deep portion of the 
olfactory tubercle. Thus, while presumptive evidence exists for changes in 
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electrical activity in the general area indicated by Verney, no direct evidence 
for changes in firing rate has heretofore been available. 

A second point of interest was to know whether the wave shape of the action 
potentials of the supra-optic and paraventricular neurones would correspond 
with that of other neurones in the forebrain. This is interesting because of the 
widely accepted view (Scharrer & Scharrer, 1954) that the supra-optic and 
paraventricular neurones are glandular cells responsible for the secretion of 
antidiuretic hormone. Although release of both antidiuretic hormone and 
oxytocin has been demonstrated following electrical stimulation of the supra- 
optico-hypophysial tract (Harris, 1947; Cross & Harris, 1952) and of the 
supra-optic or paraventricular nuclei (Andersson & McCann, 19556; Cross, 
1955a, 1958a), more direct evidence for a correlation between the change in 
rate of firing of supra-optic and paraventricular neurones and secretion of 
neurohypophysial hormones is lacking at the present time. 


METHODS 
Animals. Forty-eight mature New Zealand white rabbits, 2-8—4-5 kg in weight, were used. The 
majority were females in lactation, but two males were also included in the study. All animals had 
continuous access to compound food pellets and drinking water. When it was required to record 
milk ejection (see below), the litters were separated from the does on the afternoon before the 
experiment to insure that the mammary glands were full of milk. 

Operative procedures. The animals were anaesthetized with urethane in doses of 1 g/kg body 
weight, about 60% being given intravenously and 40% intraperitoneally or subcutaneously as a 
20% aqueous solution. Supplementary ether was administered during surgical operations and 
additional doses of urethane were injected when necessary during the 6—8 hr of the experiment. 
About half the animals received 150 ml. of 20% dextrose (about 35 ml./kg) by stomach tube, at 
the beginning of the surgical procedure, i.e. about 2 hr before the start of recording. The trachea 
was cannulated and a short length of polythene tube tied into the common carotid to enable 
injection of various solutions toward the cerebral circulation to be made. The animal was then 
positioned with its head in a stereotaxic instrument. A small hole was drilled in the skull at or 
near the bregma and on the same side as the cannulated carotid artery. The dura was incised to 
expose the brain surface and the hole was then plugged with gelatine sponge to form a blood clot. 
This minimized pulsation of the brain and permitted repeated insertions of the micro-electrodes. 
The initial administration of dextrose solution also assisted in reducing pulsation artifacts. In 
some experiments a teat was cannulated by the method of Cross & Harris (1952) for recording milk 
ejection. 

Recording. To prevent any possibility of grid current interfering with the records, a cathode 
follower with intrinsically low grid current was isolated from the preparation by a coupling con- 
denser and the grid shunted to ground through a 100 MQ grid leak. The time constant of this 
network-was 0-5 sec and the over-all recording time constant 0-2 sec. The recorded electrical 
activity was amplified with a conventional amplifier and displayed on a double-beam oscilloscope, 
the second channel being used from time to time to record intramammary pressure. For this 
purpose a strain-gauge transducer and bridge circuit were used, the former being connected to the 
cannulated teat. 

Stimulation procedures. When a stable neurone was detected the standard procedure was first 
to test its sensitivity to click stimuli, light flashes and touches and pinches to various parts of the 
body. This was followed by intracarotid injections of hypertonic, isotonic or hypotonic solutions. 
The solutions most frequently used were water, sodium chloride solution 9-0 % (w/v) and dextrose 
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50% (w/v), the latter two representing 10 times normal tonicity. Less frequently sodium chloride 
solution, isotonic, 1-5 or 3% (w/v) was also given. Injections were made by means of a slow 
injector (Harvard Instrument Company) at rates ranging between 0-0003 ml./sec and 0-33 ml./sec. 
Alternatively, a manually operatéd 1 ml. syringe graduated in 0-01 ml. or an Agla micrometer 
syringe was used. 

Locating micro-electrodes. Initial orientation of the micro-electrode in the brain was obtained 
by using the co-ordinates of Sawyer, Everett & Green (1954). In the early experiments attempts 
at precise location of the supra-optic nucleus were made by inserting a concentric bipolar electrode 
into the infundibular stem at the site where a maximal milk-ejection response followed electrical] 
stimulation (square wave stimulator), and then recording with the micro-electrode the antidromic 
response to infundibular stimuli. Unfortunately, however, antidromic potentials were detected 
as much as 1 mm above the supra-optic nucleus, and this method was therefore abandoned in 
favour of one in which the optic chiasma was first identified by monitoring with a loudspeaker 
optic noise and responses to light flashes. Exploration with the micro-electrode was then concen- 
trated in the area within 0-5 mm of the dorsal surface of the optic chiasma. 

After killing the animal at the end of recording, the following procedures were carried out. 
A small deposit of iron was made at the site of the last recorded unit by passing a small direct 
current through the micro-electrode (Pl. 1). The best results were achieved by a current of some- 
what less than 2A for 30 sec using a 45 V battery and a 22 MQ limiting resistor in series with 
the micro-electrode. The brain was then perfused through the cannulated carotid artery with a 
freshly made weak solution (1-2%) of potassium ferrocyanide in 10% formalin. After removing 
the brain from the skull with the head still held in the stereotaxic instrument, the micro-electrode 
was replaced in its previous tracks and note was made of its most ventral position in relation to 
the landmarks on the floor of the cranium, optic nerves, infundibular stem, dorsum sellae, etc. 
These notes were valuable in subsequent histological reconstruction of electrode sites. Frozen 
sections were cut at 80, and stained with thionin. The marked micro-electrode site was easily 
identified as a Prussian blue spot (Pl. 1). Electrode tracks were often visible as fine streaks in the 
tissue, and other recording sites could be calculated by reference to the marker spot. 


RESULTS 
Areas in which responses were detected 


Stereotaxic co-ordinates provided only a rough guide to micro-electrode 
position. Although we usually aimed either at the supra-optic or paraven- 
tricular nucleus, neurones were detected and studied from many adjacent 
regions, including the septum and medial thalamus through which the 
electrode had to descend. The supra-optic region received most attention as 
the proximity of optic noise afforded a valuable check on the recording site. 
The lateral and posterior areas of the hypothalamus were rarely recorded 
from, but we made a fairly extensive exploration of the septal, pre-optic, 
anterior and dorsal hypothalamic areas. 

Records were obtained from between 10 and 20% of all the neurones 
detected, the remainder failing to survive initial testing. One hundred and 
seventy were apparently unaffected by all the test stimuli applied. Most of 
the seventy-one neurones which responded to intracarotid injection of 
hypertonic solutions were within 0-5 mm of the supra-optic or paraventricular 
nuclei, though a few in the lateral pre-optic area were as much as 2 mm from 
the supra-optic nucleus. The neurones found responsive to injection of hyper- 
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tonic solutions were situated as follows: (a) thirty in the supra-optic nucleus 
(the site being observed directly by the marker technique in seven cases— 
Pl. 1—and inferred in the others from indirect histological evidence and the 
proximity to ‘optic noise’), (b) thirteen in the medial and twenty-one in the 
lateral pre-optic area, (c) five in the paraventricular nucleus (in two cases 
identified directly by marker lesions) and (d) two in the massa intermedia 
above the paraventricular nucleus. 

Altogether eighty-six of the neurones recorded were unaffected by hyper- 
tonic injections though responsive to light, touch or click stimuli. Of these, 
seventeen gave a response to both tactile and auditory stimulation, and three 
responded to all three sensory modalities. Location of the positions of these 
neurones was somewhat less accurate than for the osmosensitive neurones 
since the marker lesions were usually placed at or close by the latter. 

Of fifty neurones responding to tactile stimuli thirty-three were located in 
the septum, seven dorsal to the paraventricular nucleus (Text-fig. 7a), four 
lateral to this nucleus, one in the anterior hypothalamic area and five in the 
supra-optic area. Two of the supra-optic neurones responded also to hyper- 
tonic saline (Text-fig. 5a) and the other three did not. 

Thirty neurones sensitive to auditory stimuli were distributed as follows: 
twenty-four in the ventral septum or medial pre-optic area, one in the lateral 
pre-optic area, one in the supra-optic area (which also responded to hypertonic 
saline), three dorsal to the paraventricular nucleus in the mid-line thalamic 
nuclei and one lateral to the paraventricular nucleus. 

A response to light stimuli was seen in nine neurones. Five were in the 
septum, one in the anterior hypothalamic area and three in the supra-optic 
area. The supra-optic neurones did not respond to hypertonic saline. 


Wave form 
It soon became apparent to us that we could not distinguish supra-optic or 
paraventricular neurones simply on the basis of their wave form. The recorded 
spikes from neurones in the septal, pre-optic, medial thalamic and indeed all 
areas were of comparable shape. A typical record from a supra-optic neurone 
is seen in Text-fig. 1c. An initial positive deflexion is followed by a smaller but 
more prolonged negative phase. The usual duration was 1-0-2-0 msec. In 


favourable circumstances we were able to record from the same neurone for a | 


period of several hours during which time the wave form remained quite 
constant. If a neurone were damaged by the micro-electrode, as indicated for 
example by an abrupt increase in firing rate, or if it were otherwise induced to 
fire very fast, the nesgtive phase tended to decline more than the positive while 
the latter broadened until the spike was monophasic positive and of about the 
same total duration. Similar effects have been described in hippocampal 
neurones (C. von Euler & J. D. Green, unpublished). In some neurones the 
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spike was habitually preceded, as in Text-fig. 15, by a positive-negative wave. 
More commonly, however, this initial deflexion was fused with the positive 
wave of the spike (‘prepotential’). Their regular occurrence with the neurone 
spike suggests that these initial waves may represent synaptic potentials or 
potentials arising from a different part of the membrane of the same neurone. 
The amplitude of the recorded neurone spikes was never less than 0-5 mV and 
often reached 3-5 mV. In exceptional cases spikes of 8-10 mV were seen in 
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Text-fig. 1. Spikes from three supra-optic neurones. (a) Near-threshold response to intracarotid 
injection of 0-2 ml. of 9% NaCl in 12 sec, signalled by thick black line; read from below up 
and from left to right; the firing rate during injection was about 40% faster than the rate 
before and after injection. (b) Fast sweeps showing a rare wave form in which the spike is 
preceded by a smaller positive-negative deflexion, possibly a synaptic potential, which 
occasionally occurs alone. (c) Typical wave form of a supra-optic neurone. 


the hypothalamus and considerably larger ones elsewhere, up to 15 mV in the 
hippocampus for example. Firing rates in hypothalamic neurones tended to 
be slow. In the supra-optic and paraventricular nuclei rates as low as 1 /10 sec 
were seen. Very probably many of these slowly firing neurones were over- 
looked because of their inactivity when the micro-electrode passed by, and 
in any event changes in frequency would be extremely difficult to detect with 
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certainty in such neurones. The septal, lateral pre-optic and medial thalamic 
regions contained neurones which fired at a considerably faster rate. In the 
ventral diencephalic areas the firing rates were often surprisingly constant. 
Sometimes they showed slow rhythmic changes in frequency, but spontaneous 
rapid bursts were much more rarely seen here than elsewhere. 

These observations suggest that notwithstanding their tendency to rather 
slow rates of firing the neurones in the supra-optic and paraventricular nuclei 
of the hypothalamus have fairly normal electrical characteristics. 


Responses to osmotic stimult 


Several types of response were seen after intracarotid injections of hyper- 
tonic solutions. They included: short latency acceleration, delayed accelera- 
tion, short latency inhibition, delayed inhibition and short latency inhibition 
followed by a marked rebound. None of these effects was confined to one 
particular part of the area responsive to osmotic stimuli. However, as a 
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Text-fig. 2. Response of a paraventricular neurone to injection of 0-1 ml. of 9% NaCl in 7 sec, 
signalled by thick black line; note the constant wave form of the neurone spikes before and 
| after the inhibitory pause. 
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general rule supra-optic neurones were accelerated by the hypertonic injections 
(Text-figs. 1a, 4c, 5) and paraventricular neurones inhibited (Text-figs. 2, 7). 
The greatest variety of responses was obtained from the pre-optic areas (Text- 
fig. 6). Regardless of type, the responses exhibited by osmotically stimulated 
neurones were highly reproducible. While it was easy to bring about changes in 
the magnitude of responses by altering the rate of injection of the hypertonic 
solutions, no associated qualitative changes were discernible (Text-figs. 5, 6, 75). 
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Text-fig. 3. Response of a neurone in the massa intermedia above the paraventricular nucleus to 
injection of 0-1 ml. of 9% NaCl in 7 sec, signalled by thick black line; a clear acceleration 
follows the injection. Note the slight decline in spike amplitude when the neurone fires in 
rapid bursts. This neurone also responded to tactile stimuli. 


With few exceptions (Text-figs. 4a, 5a) the hypothalamic neurones which 
responded to osmotic stimuli were unaffected by tactile, auditory and visual 
stimuli. Even fierce pinches which would have been painful to a conscious 
animal had no influence on the activity of supra-optic or paraventricular 
neurones in the great majority of cases. If a reflex movement resulted from 
such stimulation in lightly anaesthetized rabbits, penetration and death of 
the recording neurones often occurred; but if the neurone survived its signals 
continued undisturbed. This finding was of interest since occasionally with the 
higher rates of injection of hypertonic saline similar movements occurred, 
suggesting a pain-induced arousal. Another possibility which had to be con- 
sidered was that the hypertonic injections might excite cells mechanically by 
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inducing slight displacement of the brain tissue around the tip of the micro- 
electrode. This did not seem a serious danger as we usually found other neurones 
within 100 u which were unresponsive to the same hypertonic injection; however 
we have excluded from our study any neurones whose spikes declined signifi- 
cantly in amplitude or changed their wave form after the osmotic stimulus. 
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Text-fig. 4. Three forms of induced activity in three supra-optic neurones. (a) A slow-firing 
neurone showing increased activity when the eyes were weakly illuminated. (b) Inhibitory 
effect of injection of 0-26 ml. of 9% NaCl in 20 sec, at signal. (c) Acceleration produced by 
injection of 0-2 ml. of 50% glucose in 3 sec, @: note lack of response to 0-2 ml. isotonic NaCl. 


Intracarotid injection of isotonic saline, hypotonic saline or plain water 
was generally without effect on neuronal discharges (Text-figs. 4c, 6). On the 
other hand, both hypertonic NaCl and hypertonic glucose evoked responses 
which were always qualitatively similar in the same neurone. When the 
solutions were of equal osmolarity, injected at the same rate and for the same 
period of time, the response to hypertonic NaCl was about twice as great as 
that to hypertonic glucose (Text-fig. 6). The threshold dose of hypertonic 
solution was found to vary between animals and between different responsive 
neurones in the same subject. Text-figure 1 shows a near-threshold response of 
@ supra-optic neurone to injection of 0-02 ml. of 9-0% NaCl in 12 sec. In 
another animal a similar injection had quite a dramatic inhibitory effect on a 
lateral pre-optic neurone (Text-fig. 5b). An example of a highly sensitive 
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paraventricular neurone can be seen in Text-fig. 76. This neurone responded 
to injection of 0-035 ml. of 9-0% NaCl solution at the rate of 0-001 ml./sec. 
It seems clear from the data given in the figures that the magnitude of the 
response depended upon both the rate of injection and the duration. Thus in 
Text-fig. 5b, when hypertonic NaCl was injected on three occasions at the 
same rate but for increasing periods, the persistence of the inhibitory effect on 
a lateral pre-optic cell followed in similar steps. When the duration of the 
injection was constant, as in the experiment illustrated in Text-fig. 5a, the 
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Text-fig. 5. (a) Supra-optic neurone accelerated by tactile and osmotic stimuli, showing the 
graded effect of three ascending rates of injection of 9% NaCl; (i) 0-006 ml./sec; (ii) 0-013 ml./ 
sec; (iii) 0-031 mls/sec. EZ, ear pinches; P, paw pinches. (b) Lateral pre-optic neurone inhibited 
by injection of 9% NaCl: (iv) 0-02 ml.; (v) 0-04 ml.; (vi) 0-06 ml.; the speed of injection was 
constant (0-004 ml./sec) and the magnitude of the response varied with the duration of the 
injection. 


magnitude of the response was directly related to the rate of injection. A some- 
what surprising result was the suggestion in two experiments (Text-fig. 7) that 
when the total dose of hypertonic NaCl was unchanged at 0-1 ml. the size of 
the response varied with the duration rather than with the rate of injection. 


Responses to other stimuli 
We made no special attempt to study the threshold, latency or duration of 
the neurone responses to other sensory stimuli. Tactile and auditory responses 
usually consisted of rather abrupt accelerations or decelerations lasting 2-5 sec. 
As was mentioned above they were most often seen in neurones of the ventral 
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septum and pre-optic areas. Only six supra-optic and no paraventricular 
neurones responded to tactile or auditory stirnuli. 

It is possible that sensitive pre-optic and septal neurones were influenced 
via connexions from the brain-stem reticular activating system extending 
forward to the septum (Green & Arduini, 1954). Several observations were in 
harmony with this idea. In many instances we noted a tendency for a neurone 
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Text-fig. 6. Two forms of response to hypertonic injections in two lateral See neurones. 
(a) Delayed acceleration produced by injection of 0-05-0-1 ml. of 9% NaCl (S) and by 0-05- 
0-2 ml. of 50% glucose (G, amounts given in ml.): hypertonic glucose was only half as effective 
as hypertonic NaCl in equal osmolar concentration, and injections of water (W) had no effect. 
(6) Short-latency acceleration following injections of 0-05—-0-2 ml. of 9% NaCl (S) and lack 
of effect of water injections (W); the zig-zag marks indicate intervals in recording for camera 
and other adjustments. 


to become habituated to regularly repeated ‘touch’ or ‘click’ stimuli. Re- 

appearance of the response could then be obtained either by changing the site 

of the tactile stimulus or by allowing a pause and then resuming the stimuli. 

We tried without success to find a neurone which would respond to one 

specific kind of tactile stimulus, e.g. massaging a teat. Many lateral pre-optic 

neurones were excited by teat stimulation, but in every case they responded 
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as well to tactile stimuli on the ear, paw or elsewhere. In a similar way a 
pre-optic cell which accelerated violently when the mother's young were 
allowed to squeak in her ear responded in like fashion to biologically neutral 
‘click’ stimuli. Text-figure 7a illustrates this type of unspecific activation in a 
neurone in the massa intermedia above the paraventricular nucleus. Two 
other neurones with approximately the same location exhibited a clear 
acceleration when a lobule of a lactating mammary gland was rapidly dis- 
tended by injecting saline through a cannulated teat duct. This response too 
was unspecific, since ear and paw pinches duplicated the effect, but it is 
interesting for the support it offers for the existence of receptor endings in the 


mammary parenchyma. 
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Text-fig. 7. (a) Neurone in the massa intermedia above the paraventricular nucleus showing 
acceleration following a variety of tactile stimuli: M7’, massaging teat; Z, twist ear; T'S, teat 
stimulation; B, taps on back; and by injection of 0-1 ml. 9% NaCl; in (i) 0-017 sec; 
(ii) 0-01 sec. (6) Paraventricular neurone showing inhibitory effect of injections of 9% NaC! 
given at various rates and for various durations: (i) 0-47 ml. at 0-03 ml./see; (ii) 0-54 ml. at 
0-3 ml./sec; (iii) 0-25 ml. at 0-015 ml./sec; (iv) 0-1 ml. at 0-006 ml./sec; (v) 0-19 ml. at 0-006 ml./ 
sec; (vi) 0-1 ml. at 0-003 ml./sec; (vii) 0-036 ml. at 0-001 ml./sec. 


The five septal neurones which responded to visual stimuli were clearly 
outside the main optic pathways and may represent part of the same projec- 
tion system as was referred to in the last paragraph. They responded to 
illumination of either ipsilateral or contralateral eye. The other light-sensitive 
units were situated much closer to the optic chiasma and tracts, and some 
difficulty was experienced in distinguishing optic fibres from neurones in these 
regions. Usually what we considered to be fibres were negative-going spikes of 
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duration less than 1 msec and amplitude up to 1 mV, which responded as ‘on’ 
or ‘off’ units when a given eye was illuminated and which tended soon to 
disappear (i.e. unstable units). Sometimes, however, we detected positive— 
negative spikes, or somewhat distorted spikes of longer duration and ampli- 
tude, when the micro-electrode was apparently in the optic chiasma. We 
hesitate to ascribe these potentials to cell bodies and suggest that they may 
have been due to activity in injured fibres or to artificial synapses induced by 
injury. Nevertheless a few neurones were detected in the supra-optic and 
anterior hypothalamic area whose stability, wave form and response charac- 
teristics excluded the units from the direct visual pathway. Such a cell is 
illustrated in Text-fig. 4a. This neurone had a spike amplitude recording at 
nearly 2 mV. Its activity was recorded for over an hour, but its extremely 
slow firing rate precluded an adequate study with hypertonic stimuli. It gave 
no burst of activity when either eye was illuminated, but when its firing rate 
was counted over timed intervals, with one or other eye alternately weakly 
illuminated and then in darkness, we found a clear increase in activity asso- 
ciated with light stimulation. A neurone 0-1 mm from this recorded point was 
located by a Prussian blue spot in the supra-optic nucleus, and optic noise had 
been detected 0-3 mm below. There could be little doubt therefore that this 
light-sensitive neurone itself lay within the supra-optic nucleus. 


DISCUSSION 


Two facts stand out from our results. The neurones of the supra-optic and 
paraventricular nuclei of the hypothalamus not only exhibit normal action 
potentials, despite their possible status as gland cells, but they also display a 
remarkable sensitivity to rather small injections of hypertonic solutions into 
the common carotid artery. It is tempting to suppose that these dramatic 
changes in activity may be closely related either to Verney’s (1947) ‘osmo- 
receptors’ or to the secretion of neurohypophysial antidiuretic hormone or to 
both. At all events there seems little reason to doubt that the characteristic 
and reproducible changes in firing frequency seen in these neurones result 
otherwise than from the raised tonicity of the circulating cerebral blood. 
Neither isotonic saline nor hypotonic solutions gave the response, which 
exonerates the injection procedure itself and associated pressure changes. 
Hypertonic solutions of both sodium chloride and glucose elicited qualitatively 
identical responses, and moreover the greater effect of the saline solution is in 
conformity with the observations of Verney (1947) on the comparative potency 
of the two agents in causing release of antidiuretic hormone. Mechanical 
factors can be fairly confidently excluded on the basis of the steadiness of the 
wave form and amplitude of the responding neurones and the unresponsive- 
ness of other neighbouring neurones. Finally, only rarely did the supra-optic 
or paraventricular neurones respond to other stimuli including pain. 
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Assuming then that the hypertonicity of the cerebral blood was the effective 
stimulus we may ask what were the probable alterations in tonicity which 
would result from our injections. Since we have not attempted to measure 
_ the rate of cerebral blood flow in our animals no certain answer can be given 
to this question. However, if we take 1-0 ml./sec as a very approximate 
estimate of the flow of blood being diluted by the intracarotid injection, it 
would follow that injection of 1-0 ml. of NaCl 9-0% over 5 sec would roughly 
double the tonicity. In fact we never used such rapid injections. Our lowest 
effective rate of injection (Text-fig. 76) was 0-001 ml./sec which would 
probably have raised the tonicity by less than 1%. Calculated on this basis 
our working range of effective rates of injection might have produced changes 
in the tonicity of the circulating cerebral blood varying from 0-5 to 20%. It is 
unlikely that these changes are very far removed from the limits met with 
under natural conditions. Hence we may reasonably conclude that the changes 
in firing rate observed in many hypothalamic neurones represent physiological 
responses to the increasing osmotic pressure of the blood. It seems fair also to 
surmise that the electrical responses of the supra-optic and paraventricular 
neurones are related to neurohypophysial function. Beyond this point, how- 
ever, we can only proceed by conjecture. 

Let us suppose that the electrical responses are associated with the genera- 
tion of impulses in the supra-optic-hypophysial tract resulting in the discharge 
of hormone from the neurohypophysis. Then a number of problems must be 
faced. Why do the supra-optic and paraventricular neurones show such 
different; effects? There is no convincing evidence that the two nuclei have 
different secretomotor activities (Andersson & McCann, 19555; Cross, 1958a) 
and it is difficult. to see why an acceleration of supra-optic neurones should 
accomplish the same end as inhibition of paraventricular neurones. What is 
the meaning of the quiescent neurones in the two nuclei? Are these excited by 
other types of stimulation, perhaps concerned with the secretion of oxytocin 
rather than antidiuretic hormone? It would be rash to hold that all neurones 
in one or both nuclei must have identical functions. Available data do not 
permit a satisfactory answer to any of these questions. Nor can we say with 
certainty that any neurohypophysial hormone was in fact released in our 
experiments. The milk-ejection test is capable of detecting release of 1-5 m-u. 
oxytocin or 5-10 m-u. antidiuretic hormone in the rabbit (Cross & Van Dyke, 
1953), but it seems clear from the work of Holland et al. (1959) that the doses 
of hypertonic solutions we used in the rabbit would not yield these amounts of 
hormone. However, the rabbit kidney is at least ten times as sensitive to 
antidiuretic hormone as the lactating mammary gland, so it is possible that 
the osmotic stimuli given could have produced a renal response mediated by a 
small output of antidiuretic hormone, though the conditions of our experi- 
ments would have been unsuitable for demonstrating such an effect. 
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Much of the above discussion applies to the osmotically reactive neurones 
found outside, but usually in the neighbourhood of, the supra-optic and para- 
ventricular nuclei. Here perhaps are the osmoreceptors. They are presumably 
not in the final common path to the neurohypophysis. They show evidence of 
threshold and graded response. They mostly respond only to osmotic stimuli. 
Thus the main criteria laid down by von Euler (1953) for the identification of 
true receptors in the central nervous system are satisfied. But the evidence 
does not suggest a single type of receptor neurone. Indeed, the considerable 
variety of discharge patterns evoked by similar osmotic stimuli indicates the 
possibility of complex interactions within an osmoreceptive field. Some of this 
activity might be directed at non-pituitary functions, for example thirst or 
drinking ‘Andersson & McCann, 1955a, 19556, 1956). Unfortunately the 
method of unit recording cannot decide whether the neurones were directly 
responsive to change in their osmotic environment or whether they were 
activated synaptically from other regions of the brain. If they are indeed the 
osmoreceptors it may be observed that they are unlikely to have the same 
identity as the vesicles described by Verney (1947) and later considered to be 
vesiculated supra-optic neurones by Jewell (1953). Their relationship to the 
d.c. shifts described by von Euler (1953) and the electroencephalographic 
changes seen by Holland et al. (1959) is problematical. However, all these 
studies agree on one point, that electrical changes can be detected in the pre- 
optic area following intracarotid injection of hypertonic solutions. We are at 
a loss to understand why the e.e.g. method should fail to record any change of 
activity in the supra-optic nucleus itself when unit recording reveals such 
clear-cut responses. 

Increasing osmotic pressure of the blood is but one of the natural conditions 
which excite the neurohypophysis. Release of antidiuretic hormone may also 
follow pain or emotional excitement (Rydin & Verney, 1938; Kelsall, 1949), 
and the physiological stimuli for the release of oxytocin comprise suckling 
(Cross & Harris, 1952; Cross, 1955) and sensory excitation from the female 
genital tract at coitus (VanDemark & Hays, 1953) or parturition (Ferguson, 
1941; Cross, 19585). A noteworthy feature of our present results was the poor 
responsiveness of supra-optic and paraventricular neurones to pain, tactile, 
auditory and visual stimuli; less than a quarter of the supra-optic neurones 
responded to any of these modalities. Probably the anaesthetic was largely 
responsible for this. Emotional excitement would obviously be precluded. 
Moreover it is known that anaesthesia blocks the release of oxytocin that 
normally occurs during suckling (Cross, 19556). But while mammary stimuli 
did not excite cells in the supra-optic or paraventricular nuclei, it is interesting 
that despite urethane anaesthesia impulses from the teats and glands reached 
neurones in the lateral pre-optic area and mid-line thalamic nuclei (Text-fig. 7 a). 
One unexpected result was the stimulant action of light on a few neurones of 
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the supra-optic nuclei (Text-fig. 4a). If a neurohypophysial transmitter is 
involved in the control of the adenohypophysis (Green & Harris, 1947), this 
observation might have a bearing on the well known effect of light on gonado- 
trophic secretion (Marshall, 1942). In this connexion it is of interest that Fiske & 
Greep (1959) have shown an influence of light on the stainable neurosecretory 
material in the supra-optic nuclei. We appreciate that our experiments have 
raised more questions than they have answered. Nevertheless the method of unit 
recording applied to the hypothalamus seems to offer new potentialities for the 
elucidation of neuro-endocrine mechanisms and we anticipate that it will be 
increasingly used:in the future. 
SUMMARY 

1. The activity of single neurones in the hypothalamus and adjacent regions 
of the rabbit was recorded by means of steel micro-electrodes under light 
urethane anaesthesia. 

2. The firing frequency of neurones in the supra-optic and paraventricular 
nuclei tended to be slower than that of neurones in the septal and pre-optic 
areas and in the mid-line thalamic nuclei, but their amplitude and wave form 
were similar. 

3. Supra-optic neurones were generally accelerated by intracarotid injec- 
tions of small amounts of hypertonic sodium chloride or glucose, but the para- 
ventricular neurones were inhibited. Injections of water or hypotonic saline 
had no definite effect. 

4. Many neurones in the vicinity of the supra-optic and paraventricular 
nuclei—in the pre-optic, anteriot and dorsal hypothalamic areas—also 
responded to hyperosmotic stimuli. 

5. The intensity of the excitatory or inhibitory effects in all areas varied 
with the rate and duration of the hypertonic injections. 

6. The majority of the neurones which were responsive to osmotic stimuli 
did not respond to tactile, auditory or visual stimuli. 

7. Other neurones in the septal and pre-optic areas responded to tactile, 
auditory or visual stimuli, sometimes to more than one. A few supra-optic 
neurones responded to visual or tactile stimuli. 

8. The findings are discussed with particular reference to the identity of 
‘osmoreceptors’ in the brain and to the postulated neurosecretory role of 
supra-optic and paraventricular neurones. 


We wish to thank Miss Cora Rucker for cutting and staining the histological sections. The work 
was assisted by U.S. Public Health Service Grants B-610 and B-485. 
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EXPLANATION OF PLATE 

PLaTE 
Photomicrographs (x 70) showing the Prussian blue spots marking the sites of two hypothalamic 
neurones which responded to intracarotid injection of hypertonic saline. The sections were 
cut transversely at 80, and stained with thionin. III V, third ventricle; MPO, media 
pre-optic area; OC, optic chiasma; P, Prussian blue spot; SO, supra-optic nucleus. 
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OXIDATION OF 1, 4-METHYLHISTAMINE BY 
MAMMALIAN PLASMA 


By H. BLASCHKO 
(From the Department of Pharmacology, University of Oxford) 
(Received 22 April 1959) 


Two new facts have in recent years been added to our knowledge of the 
biological inactivation of histamine. In the first place, it has been shown by 
Schayer (1959) and his colleagues that methylation of histamine on one of the 
ring nitrogen atoms leads to formation of 1-methyl-4-(8-aminoethyl)imidazole, 
briefly called 1,4-methylhistamine; this amine, which is pharmacologically 
inactive, is further oxidized to the corresponding 1-methylimidazole-4-acetic 
acid. 

Secondly, it is now known that histaminase, the catalyst of the oxidative 
deamination of histamine, is not a single enzyme, but that this reaction is 
catalysed by a number of enzymes with widely differing properties; this has 
already been discussed (Blaschko, Friedman, Hawes & Nilsson, 1959). 

In many species, including man, methylation of the ring nitrogen is a 
reaction of great quantitative importance in the biological inactivation of 
histamine. Lindell & Westling (1957) have shown that in vitro both the classical 
histaminase of pig’s kidney and amine oxidase oxidize 1,4-methylhistamine, 
but it is believed that in vivo the oxidative deamination of 1,4-methylhistamine 
is brought about mainly by amine oxidase-like enzymes (Schayer, 1959). 

It has been shown that in a number of mammalian species there occur in 
the blood plasma amine oxidases which are able to act upon histamine. The 
action of these oxidases on 1,4-methylhistamine has now been examined and 
these experiments are reported in this paper. 


METHODS 


The samples of serum used were dialysed against 0-067 m sodium phosphate buffer of pH 7-4. 
The manometric experiments were carried out at a temperature of 37-5° C in oxygen, as has already 


been described (Blaschko & Hawes, 1959; Blaschko et al. 1959); substrate concentration was 
10-? 


RESULTS | 
The results obtained are summarized in Table 1. Sera from three different 


species of ruminants were tested: goat, ox and sheep. In these experiments 
spermine was used as the reference amine. In bovine serum 1,4-methy]- 
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histamine was oxidized at twice the rate of histamine, but much more slowly 
than spermine. The other two species also oxidized histamine and 1,4-methyl- 
histamine much more slowly than spermine. 

Three non-ruminant species are included in Table 1: horse, pig and dog. 
Since spermine is not oxidized at a significant rate in the sera of these species, 
benzylamine served as the reference amine. Mescaline, another substrate of 
the plasma oxidases, was also tested in some of these experiments. It can be 
seen that the sera from these three species also acted on histamine and on 
1,4-methylhistamine, but more slowly than on benzylamine. 


Taste 1. Enzymic oxidation of 1,4-methylhistamine by mammalian sera compared with the 
oxidation of other amines. In each experiment 1-6 ml. of dialysed serum was used, with 10-* u 
substrate. Numbers show the 0-30 min readings in yl. O, 


Ruminants 

Species Spermine Histamine 1,4-Methylhistamine 

Ox 200 12-5 31 

Sheep 168-5 16 20-5 

Goat 151-5 9-5 11-5 

Non-ruminants 
Species Benzylamine Histamine 1,4-Methyl- Mescaline 
histami 

Horse 23-5 5-5 7-5 _ 
Pig 62-5 36 30-5 95-5 
Dog 1 3-5 1 2-5 0 
Dog 2 83 16 19-5 72 


The fact that in the dog there exist great individual differences in the rate 
of oxidation of benzylamine has already been discussed (Blaschko et al. 1959). 
Two different samples of dog serum have therefore now been tested, one of 
which had little ‘benzylamine oxidase’ activity, whereas the other was fairly 
active on benzylamine. The first of these two samples was also relatively inactive 
on the other three amines, histamine, 1,4-methylhistamine and mescaline. 
The second sample readily oxidized all three amines, as well as benzylamine. 
This supports the interpretation that all four amines are oxidized by one and 
the same enzyme. Similar observations have been made on more numerous 
samples of dog serum, using benzylamine and 4-picolylamine as substrates; 
the latter is oxidized more readily than benzylamine (Blaschko & Chrusciel, 
unpublished). It has been found that those samples of dog serum (or plasma) 
which are rather active on benzylamine also oxidize 4-picolylamine rapidly, 
and vice versa. 

In an experiment (not included in Table 1) with ferret serum which had 
been kept for a rather long time at —15° C, the serum also oxidized benzyl- 
amine, mescaline, histamine and 1,4-methylhistamine. 
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DISCUSSION 


The experiments reported show that in the seven species examined, ox, sheep, 
goat, horse, pig, dog and ferret, the plasma enzymes oxidize 1,4-methyl- 
histamine, as well as histamine. Is 1,4-methylhistamine a substrate of the 
plasma oxidases in the living animals? This is a possibility that must be con- 
sidered, but it would seem unlikely that the oxidative deamination of 1,4- 
methylhistamine is the only, or even the main, function of these plasma 
oxidases. In the ruminants spermine is oxidized so rapidly that one feels inclined 
to regard it (or a related polyamine) as an important substrate of the enzyme 
in vivo. Non-ruminant sera, which do not oxidize spermine and spermidine 


~~ at asignificant rate, also oxidized 1,4-methylhistamine less readily than benzyl- 


amine. Moreover, from what is known of the action of enzyme inhibitors on 
the formation of 1,4-methylimidazoleacetic acid in vivo, it seems that other 
catalysts which are not inhibited by carbonyl reagents are more important in 
the metabolism of 1,4-methylhistamine (Schayer, 1959); the plasma oxidases 
are sensitive to carbonyl! reagents. 

Histamine itself is also oxidized by these plasma enzymes. However, it 
seems even less certain whether the biological inactivation of histamine can 
be an important function of plasma oxidases. The affinity of the pig plasma 
enzyme for histamine has recently been determined (Blaschko et al. 1959) and 
found much lower than that of the pig kidney oxidase. If it is true, as was 
suggested in the previous work, that the pig plasma enzyme acts upon the 
monocationic species of histamine and the pig kidney enzyme upon its dica- 
tionic species, then the real discrepancy between the two affinity constants 
would be even greater, since at pH 7-4 only about 4%, of the total histamine is 
present as the dication and about 96° as the monocation. Recent work on 
the metabolic products of histamine in human pregnancy urine (Lindell, 
Nilsson, Schayer & Westling, 1958) also makes it doubtful whether the 
increased ‘histaminase’ in pregnancy plasma contributes significantly to the 
break-down of histamine. 

To sum up, 1,4-methylhistamine is oxidized by the mammalian plasma 
oxidases, and the deamination of this amine may take place in the blood 
plasma of those species in which such oxidases occur. However, this reaction 
is probably not the main function of these enzymes, and the principal natural 
substrate of the non-ruminant plasma enzymes remains to be identified. 


SUMMARY 


Sera of goat, ox, sheep, pig, horse, dog and ferret oxidize 1,4-methylhistamine ; | 
in the dog this oxidation is significant only in those sera which have ‘benzy]- 
amine oxidase’ activity. 
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RECEPTIVE FIELDS OF SINGLE NEURONES IN 
THE CAT’S STRIATE CORTEX 


By D. H. HUBEL* anv T. N. WIESEL* 


From the Wilmer Institute, The Johns Hopkins Hospital and 
University, Baltimore, Maryland, U.S.A. 


(Received 22 April 1959) 


In the central nervous system the visual pathway from retina to striate 
cortex provides an opportunity to observe and compare single unit re- 
sponses at several distinct levels. Patterns of light stimuli most effective in 
influencing units at one level may no longer be the most effective at the 
next. From differences in responses at successive stages in the pathway one 
may hope to gain some understanding of the part each stage plays in visual 
perception. 

By shining small spots of light on the light-adapted cat retina Kuffler (1953) 
showed that ganglion cells have concentric receptive fields, with an ‘on’ 
centre and an ‘off’ periphery, or vice versa. The ‘on’ and ‘off’ areas within a 
receptive field were found to be mutually antagonistic, and a spot restricted 
to the centre of the field was more effective than one covering the whole 
receptive field (Barlow, FitzHugh & Kuffler, 1957). In the freely moving light- 
adapted cat it was found that the great majority of cortical cells studied gave 
little or no response to light stimuli covering most of the animal’s visual field, 
whereas small spots shone in a restricted retinal region often evoked brisk 
responses (Hubel, 1959). A moving spot of light often produced stronger 
responses than a stationary one, and sometimes a moving spot gave more 
activation for one direction than for the opposite. 

The present investigation, made in acute preparations, includes a study of 
receptive fields of cells in the cat’s striate cortex. Receptive fields of the cells 
considered in this paper were divided into separate excitatory and inhibitory 
(‘on’ and ‘off’) areas. In this respect they resembled retinal ganglion-cell 
receptive fields. However, the shape and arrangement of excitatory and 
inhibitory areas differed strikingly from the concentric pattern found in retinal 
ganglion cells. An attempt was made to correlate responses to moving stimuli 


* Present address, Harvard Medical School, 25 Shattuck St., Boston 15, Massachusetts. 


" 


RECEPTIVE FIELDS IN CAT STRIATE CORTEX 575 


with receptive field arrangements. Some cells could be activated from either 
eye, and in these binocular interaction was studied. 


METHODS 


In this series of experiments twenty-four cats were used. Animals were anaesthetized with intra- 
peritoneal thiopental sodium (40 mg/kg) and light anaesthesia was maintained throughout the 
experiment by additional intraperitoneal injections. The eyes were immobilized by continuous 
intravenous injection of succinylcholine ; the employment of this muscle relaxant made it necessary 
to use artificial respiration. Pupils of both eyes were dilated and accommodation was relaxed 
by means of 1% atropine. Contact lenses used with a suitably buffered solution prevented the 
corneal surfaces from drying and becoming cloudy. The lids were held apart by simple wire 
clips. 

A multibeam ophthalmoscope designed by Talbot & Kuffler (1952) was used for stimulation 
and viewing the retina of the left eye. Background illumination was usually about 0-17 log. metre 
candles (m.c.), and the strongest available stimulus was 1-65 log. m.c. Many sizes and shapes of 
spots of light could be produced, and these were well focused on the retina. Stimulus durations 
were of the order of 1 sec. 

For binoeular studies a different method of light stimulation was used. The animal faced a 
large sereen covering mest of the visual field. On this screen light spots of various sizes and shapes 
were projected. The light source was a tungsten filament projector mounted on an adjustable 
tripod. Stimuli could be moved across the screen in various directions and with different speeds. 
Spots subtending an angle as small as 12 min of arc at the cat’s eyes could be obtained, but 
generally 0-5-1° spots were used for mapping receptive fields. (Dimensions of stimuli are given 
in terms of equivalent external angles; in the cat 1 mm on the retina subtends about 4°.) Spots 
were focused on the two retinas with lenses mounted in front of the cat’s eyes. Lenses for focusing 
were selected by using a retinoscope. Spot intensities ranged from -0-76 to 0-69 log. cd/m*. 
A background illuminance of — 1-9 log. cd/m* was given by a tungsten bulb which illuminated 
the whole screen diffusely. Intensities were measured by a Macbeth Illuminometer. Values of 
retinal illumination corresponding to these intensities (Talbot & Kuffler, 1952, Fig. 4) were within 
the photopic range but were lower than those employed with the ophthalmoscope. Whenever the 
two methods of stimulation were checked against each other while recording from the same unit 
they were found to give similar*results. This principle of projecting light spots on a screen was 
described by Talbot & Marshall (1941). Areas responsive to light were marked on sheets of paper 
fixed on the screen, in such a way as to indicate whether the responses were excitatory or inhibi- 
tory. The sheets of paper then provided permanent records of these responses, and showed the 
shape, size and orientation of the regions. 

Single unit activity was recorded extracellularly by techniques described previously (Hubel, 
1959). A hydraulic micro-electrode positioner was attached to the animal’s skull by a rigidly 
implanted plastic peg. The cortical surface was closed off from the atmosphere to minimize 
respiratory and vascular movements of the cortex (Davies, 1956). This method gave the stability 
needed for thorough exploration of each receptive field, which often took many hours. Electrodes 
were electrolytically sharpened tungsten wires insulated with a vinyl lacquer (Hubel, 1957). 
Cathode follower input and a condenser-coupled pre-amplifier were used in a conventional re- 
cording system, 

Recordings were made from parts of the lateral gyrus extending from its posterior limit to about 
Horsley-Clarke frontal plane 10. At the end of each penetration an electrolytic lesion was made 
(Hubel, 1959) and at the end of the experiment the animal was perfused, first with normal saline 
and then with 10% formalin. The borders of the trephine hole were marked with Indian ink dots 
and the brain was removed from the skull and photographed. Paraffin serial sections were 
made in the region of penetration and stained with cresyl violet. These sections showed that 
all units described were located in the grey matter of the striate cortex. Correlation between 
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location of units in the striate cortex and physiological findings will not be dealt with in this 
paper. 

There is evidence that cortical cells and afferent fibres differ in their firing patterns and in their 
responses to diffuse light (Hubel, 1960). The assumption that the spikes recorded were from 
cell bodies is based on these differences, as well as on electrophysiologic criteria for distinguishing 
cell-body and fibre spikes (Frank & Fuortes, 1955; Hubel, 1960). 


RESULTS 


Several hundred units were recorded in the cat’s striate cortex. The findings to 
be described are based on thorough studies of forty-five of these, each of which 
was observed for a period of from 2 to 9 hr. Times of this order were usually 
required for adequate analysis of these units. 

In agreement with previous findings in the freely moving light-adapted cat 
(Hubel, 1959) single cortical units showed impulse activity in the absence of 
changes in retinal illumination. Maintained activity was generally less than 
in freely moving animals, and ranged from about 0-1—10 impulses/sec. The low 
rate was possibly due tolight-barbiturate anaesthesia; since on a number of _ 
oceasions deepening the anaesthesia resulted in a decrease of maintained 
activity. This need not mean that all cortical cells are active in the absence of 
light stimuli, since many quiescent units may have gone unnoticed. 

In most units it was possible to find a restricted area in the retina from 
which firing could be influenced by light. This area was called the receptive 
field of the cortical unit, applying the concept introduced by Hartline (1938) 
for retinal ganglion cells. The procedure for mapping out a receptive field is 
illustrated in Fig. 1. Shining a 1° spot (250 on the retina) in some areas of the 
contralateral eye produced a decrease in the maintained activity, with a burst 
of impulses when the light was turned off (Fig. la, 6, d). Other areas when 
illuminated produced an increase in firing (Fig. 1c, e). The complete map, 
illustrated to the right of the figure, consisted of a long, narrow, vertically 
oriented region from which ‘off’ responses were obtained (triangles), flanked 
on either side by areas which gave ‘on’ responses (crosses). The entire field 
covered an area subtending about 4°. The elongated ‘off’ region had a width 
of 1° and was 4° long. 

Most receptive fields could be subdivided into excitatory and inhibitory 
regions. An area was termed excitatory if illumination produced an increase 
in frequency of firing. It was termed inhibitory if light stimulation suppressed 
maintained activity and was followed by an ‘off’ discharge, or if either suppres- 
sion of firing or an ‘off’ discharge Occurred alone. In many units the rate of 
maintained activity was too slow or irregular to demonstrate inhibition during 
illumination, and only an ‘off’ discharge was seen. It was, however, always 
possible to demonstrate inhibitory effects if the firing rate was first increased 
by stimulation of excitatory regions. 


As used here, ‘excitatory’ and ‘inhibitory’ are arbitrary terms, since both 
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inhibition and excitation could generally be demonstrated from both regions, 
either during the light stimulus or following it. We have chosen to denote 
receptive field regions according to effects seen during the stimulus. Further- 
more, the word ‘inhibition’ is used descriptively, and need not imply a direct 


_ inhibitory effect of synaptic endings on the cell observed, since the suppression 


of firing observed could also be due to a decrease in maintained synaptic 
excitation. 
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Fig. 1. Responses of a cell in the cat’s striate cortex to a 1° spot of light. Receptive field located 
in the eye contralateral to the hemisphere from which the unit was recorded, close to and 
below the area centralis, just nasal to the horizontal meridian. No response evoked from the 
ipsilateral eye. The complete map of the receptive field is shown to the right. x, areas giving 
_ excitation; A, areas giving inhibitory effects. Scale, 4°. Axes of this diagram are reproduced 
on left of each record. a, 1° (0-25 mm) spot shone in the centre of the field; b-e, 1° spot 
shone on four points equidistant from centre; f, 5° spot covering the entire field. Back- 


ground illumination 0-17 log. m.c. Stimulus intensity 1-65 log. m.c. Duration of each 
stimulus 1 sec. Positive deflexions upward. 


When excitatory and inhibitory regions (used im the sense defined) were 
stimulated simultaneously they interacted in a mutually antagonistic manner, 
giving a weaker response than when either region was illuminated alone. In 
most fields a stationary spot large enough to include the whole receptive field 
was entirely without effect (Fig. 1f). Whenever a large spot failed to evoke 
responses, diffuse light stimulation of the entire retina at these intensities and 
stimulus durations was also ineffective. 
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In the unit of Fig. 1 the strongest inhibitory responses were obtained with a 
vertical slit-shaped spot of light covering the central area. The greatest ‘on’ 
responses accompanied a stimulus confined to the two flanking regions. 
Summation always occurred within an area of the same type, and the strongest 
response was obtained with a stimulus having the approximate shape of this 
area. 

In the unit of Figs. 2 and 3 there was weak excitation in response to a 
circular 1° spot in the central region. A weak ‘off’ response followed stimula- 
tion in one of the flanking areas (Fig. 2a,b). There was no response to an 8° 
spot covering the entire receptive field (Fig. 2c). The same unit was strongly 
activated by a narrow slit-shaped stimulus, measuring 1° by 8°, oriented 
vertically over the excitatory region (Fig. 3A). In contrast, a horizontal slit 


Fig. 2. Responses of a unit to stimulation with circular spots of light. Receptive field located in 
area centralis of contralateral eye. (This unit could also be activated by the ipsilateral eye.) 
a, 1° spot in the centre region; 6, same spot displaced 3° to the right; c, 8° spot covering entire 
receptive field. Stimulus and background intensities and conventions as in Fig. 1. Scale, 6°. 


of light was completely ineffective, despite the fact that the central area was 
capable of evoking a response when stimulated alone (Fig. 2a). Asthe optimum 
(vertical) orientation of the slit was approached ‘responses appeared and 
rapidly increased to a maximum. 

These findings can be readily understood in terms of interacting excitatory 
and inhibitory areas. The strength of the response to a vertically oriented slit 
is explained by summation over the excitatory region and by the exclusion of 
inhibitory regions. When parts of the inhibitory flanking areas were included 
by rotating the slit, responses were reduced or abolished. Thus a horizontal slit 
was ineffective because it stimulated a small portion of the central excitatory 
area, and larger portions of the antagonistic regions. 

Some units were not responsive enough to permit mapping of receptive 
fields with small light spots. In these the effective stimulus pattern could be 
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found by changing the size, shape and orientation of the stimulus until a clear 
response was evoked. Mften when a region with excitatory or inhibitory 
responses was establhed the neighbouring opposing areas in the receptive 
field could only b@ demonstrated indirectly. Such an indirect method is 
illustrated in Fig. 9B, where two flanking areas are indicated by using a short 
slit in various tions like the hand of a clock, always including the very 


A B 


Fig. 3. Same unit as in Fig. 2. A, responses to shining a rectangular light spot, 1° x 8°; centre of 
slit superimposed on centre of receptive field; successive stimuli rotated clockwise, as shown 
to left of figure. B, responses to a 1° x 5° slit oriented in various directions, with one end 
always covering the centre of the receptive field : note that this central region evoked responses 
when stimulated alone (Fig. 2a). Stimulus and background intensities as in Fig. 1; stimulus 
duration 1 sec. 


centre of the field. The findings thus agree qualitatively with those obtained 
with a small spot (Fig. 2a). 

Receptive fields having a central area and opposing flanks represented a 
common pattern, but several variations were seen. Some fields had long narrow 
central regions with extensive flanking areas (Figs. 1-3): others had a large 
central area and concentrated slit-shaped flanks (Figs. 6, 9, 10). In many 
fields the two flanking regions were asymmetrical, differing in size and shape; 


in these a given spot gave unequal responses in symmetrically corresponding 
PHYSIO. CXLVIU 
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regions. In some units only two regions could be found, one excitatory and 
the other inhibitory, lying side by side. In these cases of extreme asymmetry 
it is possible that there was a second weak flanking area which could not be 
demonstrated under the present experimental conditions. 

An interesting example of a field with only two opposing regions is shown 
in Fig. 4. The concentrated inhibitory region was confined to an area of about 
1° (Fig. 4a). The excitatory area situated to the right of the inhibitory was 
much larger: a spot of at least 4° was required to evoke a response, and a very 
strong discharge was seen when the entire 12° excitatory area was illuminated 
(Fig. 45). Despite the difference in size between excitatory and inhibitory 
areas, the effects of stimulating the two together cancelled each other and 
no response was evoked (Fig. 4c). The semicircular stimulus in Fig. 4) 


+. 


Fig. 4. Responses evoked only from contralateral eye. Receptive field just outside nasal border of 
area centralis. a, 1° spot covering the inhibitory region; b, right half of a circle 12° in diameter ; 
c, light spot covering regions illuminated in a and b. Background and stimulus intensities 
and conventions as in Fig. 1. Scale, 12°. 


was of special interest because the exact position of the vertical border- 
line between light and darkness was very critical for a strong response. 
A slight shift of the boundary to the left, allowing light to infringe on the 
inhibitory area, completely cancelled the response to illumination. Such a 
boundary between light and darkness, when properly positioned and oriented, 
was often an effective type of stimulus. 

Cortical receptive fields with central and flanking regions may have either 
excitatory (Fig. 2) or inhibitory (Figs. 1, 6, 7) centres. So far we have no 
indication that one is more common than the other. 

The axis of a field was defined as a line through its centre, parallel to an 
optimally oriented elongated stimulus. For each of the field types described 
examples were found with axes oriented vertically, horizontally or obliquely. 
Orientations were determined with respect to the animal’s skull. Exact field 
orientations with respect to the horizontal meridians of the retinas were not 

known, since relaxation of eye muscles may have caused slight rotation of the 
_ eyeballs. Within these limitations the two fields illustrated in Figs. 1-3 were 
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vertically arranged: a horizontal field is shown in Fig. 6, 9 and 10, and 
oblique fields in Figs. 7 and 8. 

All units have had their receptive fields entirely within the half-field of 
vision contralateral to the hemisphere in which they were located. Some 
receptive fields were located in or near the area centralis, while others were in 
peripheral retinal regions. All receptive fields were located in the highly 
reflecting part of the cat’s retina containing the tapetum. So far, retinal 
ganglion cell studies have also been confined to the tapetal region (Kuffler, 
1953). 

It was sometimes difficult to establish the total size of receptive fields, since 
the outer borders were often poorly defined. Furthermore, field size may 
depend on intensity and size of the stimulus spot and on background illumina- 
tion, as has been shown for the retina by Hartline (1938) and Kuffler (1953). 
Within these limitations, and under the stimulus conditions specified, fields 
ranged in total size from about 4° to 10°. Although in the present investigation 
no systematic studies have been made of changé#in receptive fields under 
different conditions of stimulation, fields obtained in the same unit with the 
ophthalmoscope and with projection techniques were always found to be 
similar in size and structure, despite a difference of several logarithmic units 
in intensity of illumination. This would suggest that within this photopic 
range there was little change in size or organization of receptive fields. No 
units have been studied in states of dark adaptation. 


Responses to movement 


Moving a light stimulus in the visual field was generally an effective way of 
activating units. As was previously found in the freely moving animal (Hubel, 
1959), these stimuli were sometimes the only means by which the firing of a 
unit could be influenced. By moving spots of light across the retina in various 
directions and at different speeds patterns of response to movement could be 
outlined in a qualitative way. 

Slit-shaped spots of light were very effective and useful for studies of move- 
ment. Here also the orientation of the slit was critical for evoking responses. 
For example, in the unit of Fig. 3 moving a vertical slit back and forth across 
the field evoked a definite response at each crossing (Fig. 5a), whereas moving 
a horizontal slit up and down was without effect (Fig. 56). The vertical slit 
crossed excitatory and inhibitory areas one at a time and each area could exert 
its effect unopposed, but a horizontal slit at all times covered the antagonistic 
regions simultaneously, and was therefore ineffective. The response to a vertical 
slit moved horizontally was about the same for the two directions of movement. 

In some units a double response could be observed at each crossing of the 
receptive field. The receptive field in Fig. 6 had an extensive inhibitory centre 
flanked by elongated, horizontally oriented, concentrated flanking regions. _ 

37-2 
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Fig. 5. Same unit as in Figs. 2 and 3. Receptive field shown in Fig. 2. Responses to a slit (1° x 8°) 
moved transversely back and forth across the receptive field. a, slit moved horizontally. 
b, slit moved vertically. Background and stimulus intensities as in Fig. 1; time, 1 sec. 
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Fig. 6. Slow up-and-down movements of horizontal slit (1° x 8°) across receptive field of left eye. 
Burst of impulses at each crossing of an excitatory region. For details see Fig. 9. x , excita- 
tory; A, inhibitory. Background illumination - 1-9 cd/m*; stimulus intensity 0-69 cd/m?; 
time, 1 sec. 


Fig. 7. Unit activated from ipsilateral eye only. Receptive field just temporal to area centralis. 
Field elongated and obliquely oriented. Left excitatory flanking region stronger than right. 
a, 1° x 10° slit covering central region; b, 1° x 10° slit covering left flanking region; c, 12° spot 
covering entire receptive field; ¢d, transverse movement of slit (1° x 10°) oriented parallel to 
axis of field—note difference in response for the two directions of movement. Background 
and stimulus intensities and conventions as in Fig. 6. Scale, 10°; time, 1 sec. 
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A horizontal slit moved slowly up or down over the receptive field evoked a 
discharge as each excitatory region was crossed. A further description of this 
unit is given in the binocular section of this paper (p. 584). 

Many units showed directional selectivity of a different type in their re- 
sponses to movement. In these a slit oriented optimally produced responses 
that were consistently different for the two directions of transverse movement. 
In the example of Fig. 7, the receptive field consisted of a strong inhibitory 
area flanked by two excitatory areas, of which the right was weaker than the 


Fig. 8. Records from unit activated by ipsilateral eye only; unresponsive to stationary spots, 
influenced by movement in an area temporal to area centralis. A slit (0-5° x 8°) moved back 
and forth transversely with different orientations, as shown to the left. For slit orientations 
evoking responses only one direction was effective—up and to the oo Stimulus and 
background intensities as in Fig. 6; time, 1 sec. 


left. Each region was elongated and obliquely oriented. As usual, a large spot 
was ineffective (Fig. 7c). A narrow slit, with its long axis parallel to that of 
the field, produced a strong response when moved transversely in a direction 
down and to the left, but only a feeble response when moved up and to the 
right (Fig. 7d). A tentative interpretation of these findings on the basis of 
asymmetry within the receptive field will be given in the Discussion. 

A number of units responded well to some directions of movement, but not 
at all to the reverse directions. An example of this is the unit of Fig. 8. Again 
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a slit was moved back and forth transversely in a number of different direc- 
tions. Only movements up and to the right evoked responses. As with many 
units, this one could not be activated by stationary stimuli; nevertheless, by 
using moving stimuli it was possible to get some idea of the receptive field 
organization—for example, in this unit, the oblique orientation. 

Binocular interaction 

Thirty-six units in this study could be driven only from one eye, fifteen 
from the eye ipsilateral to the hemisphere in which the unit was situated, and 
twenty-one from the contralateral. Nine, however, could be driven from the two 
eyes independently. Some of these cells could be activated just as well from 
either eye, but often the two eyes were not equally effective, and different 
degrees of dominance of one eye over the other were seen. In these binocular 
units the receptive fields were always in roughly homologous parts of the two 
retinas. For example, a unit with a receptive field in the nasal part of the area 
centralis of one eye had a corresponding field in the temporal part of the area 
centralis of the other eye. 

Receptive fields were mapped out on a screen in front of the cat. With the 
eye muscles relaxed with succinylcholine the eyes diverged slightly, so that 
receptive fields as charted were usually side by side, instead of being super- 
imposed. Whenever the receptive fields of a single unit could be mapped out 
in the two eyes separately, they were similar in shape, in orientation of their 
axes, and in arrangements of excitatory and inhibitory regions within the field. 

The receptive fields shown in Fig. 9 were obtained from a binocularly 
activated unit in which each field was composed of an inhibitory centre flanked 
by narrow horizontal excitatory areas. Responses of the same unit to a hori- 
zontal slit moved across the field have already been shown in Fig. 6, for the 
left eye. 

Summation occurred between corresponding regions in the receptive fields 
of the two eyes (Fig. 9). Thus simultaneous stimulation of two corresponding 
excitatory areas produced a response which was clearly stronger than when 
either area was stimulated alone (Fig. 94). As the excitatory flanks within 
one receptive field summed, the most powerful response was obtained with a 
stimulus covering the four excitatory areas in the two eyes (Fig. 9B). Similarly, 
summation of ‘off’ responses occurred when inhibitory areas in the two eyes 
were stimulated together (Fig. 9(). 

Antagonism could also be shown between receptive fields of the two eyes 
(Fig. 10A). Stimulated alone the central area of the left eye gave an ‘off’ 
response, and one flanking area of the right eye gave an ‘on’ response. When 
stimulated simultaneously the two regions gave no response. The principles 
of summation and antagonism could thus be demonstrated between receptive 
fields of the two eyes, and were not limited to single eyes. 
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Finally, in this unit it was possible with a moving stimulus to show that 
opposite-type areas need not always inhibit each other (Fig. 10.A), but may 
under certain circumstances be mutually reinforcing (Fig. 10 B). The right eye 
was covered, and a spot was projected on the screen, over the centre (inhibi- 
tory) area of the left eye. Moving the spot as illustrated, away from the centre 


A a Right eye 
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Fig. 9. This unit was activated from either eye independently. The illustration shows summation 
between corresponding parts of the two receptive fields. Receptive field in the contralateral 
eye was located just above and nasal to area centralis; in the ipsilateral eye, above and 
temporal. Receptive fields of the two eyes were similar in form and orientation, as shown in 
upper right of the figure; scale 8°. The pairs of axes in the receptive field diagram are repro- 
duced to the left of each record. Background and stimulus intensities and conventions as in 
Fig. 6. (Same unit as in Fig. 6.) A. 1, horizontal slit covering lower flanking region of right 
eye; 2, same for left eye; 3, pair of slits covering the lower flanking regions of the two eyes. 
B. 1, pair of horizontal slits covering both flanking regions of the right eye; 2, same for left 
eye; 3, simultaneous stimulation of all four flanking regions. C. 1, horizontal slit in central! 
region of right eye; 2, same for left eye; 3, simultaneous stimulation of central regions of both 
eyes. Time, | sec. 


region of the left eye, produced an ‘off’ response (Fig. 10 B, 1). When the left 
eye was covered and the right eye uncovered, making the same movement 
again evoked a response as the flanking excitatory region of the right eye was 
illuminated (Fig. 10B, 2). The procedure was now repeated with both eyes 
uncovered, and a greatly increased response was produced (Fig. 108, 3). 
Here the movement was made in such a way that the ‘off’ response from the 
left eye apparently added to the ‘on’ response from the right, producing a 
response much greater than with either region alone. It is very likely that 
within a single receptive field opposite-type regions may act in this synergistic 
way In response to a moving stimulus. 
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Fig. 10. Same unit as in Fig. 9. A. Antagonism between inhibitory region in the left eye and an 

excitatory region in the right eye; stationary spots. 1, horizontal slit in centre of left eye; 

2, horizontal slit covering upper flanking region of right eye; 3, simultaneous stimulation of 

the regions of 1 and 2. B. Synergism between inhibitory region in left eye and an excitatory 

region in the right eye; moving spot of light. 1, right eye covered, spot moved from inhibitory 

region in left eye, producing an ‘ off’ response; 2, left eye covered, spot moved into excitatory 

_ region in right eye, producing an ‘on’ response; 3, both eyes uncovered, spot moved from 

inhibitory region in left eye into excitatory region of right eye, producing a greatly enhanced 
response. Time, I sec. 


DISCUSSION 


In this study most cells in the striate cortex had receptive fields with separate 
excitatory and inhibitory regions. This general type of organization was first 
described by Kuffler (1953) for retinal ganglion cells, and has also been found 
in a preliminary study of neurones in the lateral geniculate body (Hubel & 
Wiesel, unpublished). Thus at three different levels in the visual system a cell 
can be inhibited by one type of stimulus and excited by another type, while a 
_ stimulus combining the two is always less effective. Most retinal ganglion and 
geniculate cells give clear responses to a large spot of light covering the entire 
receptive field. At the cortical level the antagonism between excitatory and 
inhibitory areas appears to be more pronounced, since the majority of units 
showed little or no response to stimulation with large spots. Similar findings 
in the cortex of unanaesthetized, freely moving cats (Hubel, 1959) suggest that 
this is probably not a result of anaesthesia. 

Other workers (Jung, 1953, 1958; Jung & Baumgartner, 1955), using only 
diffuse light stimulation, were able to drive about half the units in the cat 
striate cortex, while the remainder could not be activated at all. In recent 
studies (Hubel, 1960) about half the units recorded in striate cortex were 
shown to be afferent fibres from the lateral geniculate nucleus, and these 
responded to diffuse illumination. The remainder were thought to be cell 
bodies or their axons; for the most part they responded poorly if at all to 
diffuse light. The apparent discrepancy between our findings and those of 
Jung and his co-workers may perhaps be explained by the exclusion of afferent 
fibres from the present studies. On the other hand it may be that cells respon- 
sive to diffuse light flashes are more common in the cortex than our results 
would imply, but were not detected by our methods of recording and stimu- 
lating. However, cortical cells may not be primarily concerned with levels of 
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diffuse illumination. This would be in accord with the finding that in cats some 
capacity for brightness discrimination persists after bilateral ablation of the 
striate cortex (Smith, 1937). 

The main difference between retinal ganglion cells and cortical cells was to 
be found in the detailed arrangement of excitatory and inhibitory parts of 
their receptive fields. If afferent fibres are excluded, no units so far recorded 
in the cortex have had fields with the concentric configuration so typical of 
retinal ganglion cells. Moreover, the types of fields found in the cortex have 
not been seen at lower levels. 

Spots of more or less circular (or annular) form are the most effective stimuli 
for activating retinal ganglion cells, and the diameter of the optimum spot is 
dependent on the size of the central area of the receptive field (Barlow et al. 
1957). At the cortical level a circular spot was often ineffective; for best 
driving of each unit it was necessary to find a spot with a particular form and 
orientation. The cortical units described here have had in common a side-by- 
side distribution of excitatory and inhibitory areas, usually with marked 
elongation of one or both types of regions. The form and size of the most 
effective light stimulus was given by the shape of a particular region. The forms 
of stimulus used in these studies were usually simple, consisting of slit-shaped 
spots of light and boundaries between light and darkness. Position and 
orientation were critical, since imperfectly placed forms failed to cover one 
type of region completely, thus not taking advantage of summation within 
that region, and at the same time could invade neighbouring, opposing areas 
(Fig. 3). | 

The phenomena of summation and antagonism within receptive fields seem 
to provide a basis for the specificity of stimuli, in shape, size and orientation. 
Units activated by slits and boundaries may converge upon units of higher 
order which require still more complex stimuli for their activation. Most units 
presented in this paper have had receptive fields with clearly separable 
excitatory and inhibitory areas. However, a number of units recorded in the 
striate cortex could not be understood solely in these terms. These units with 
more complex properties are now under study. 

Other types of receptive fields may yet be found in the cortex, since the 
sampling (45 units) was small, and may well be biased by the micro-electrode 


techniques. We may, for example, have failed to record from smaller cells, or 


from units which, lacking a maintained activity, would tend not to be detected. 
We have therefore emphasized the common features and the variety of 
receptive fields, but have not attempted to classify them into separate groups. 

There is anatomical evidence for convergence of several optic tract fibres 
on to single geniculate neurons (O’Leary; 1940) and for a more extensive 
convergence of radiation fibres on to single cortical cells (O’Leary, 1941). 
Consistent with these anatomical findings, our results show that some single 
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cortical cells can be influenced from relatively large retinal regions. These 
large areas, the receptive fields, are subdivided into excitatory and inhibitory 
regions; some dimensions of these may be very small compared with the size 
of the entire fields. This is illustrated by the fields shown in Figs. 1, 2 and 7, in 
which the central regions were long but very narrow; and by that of Fig. 9, in 
which both flanks were narrow. It is also shown by the field of Fig. 4, which 
had a total size of about 12° but whose inhibitory region was only about 1° in 
diameter. Thus a unit may be influenced from a relatively wide retinal region 
and still convey precise information about a stimulus within that region. 

Movement of a stimulus across the retina was found to be a very potent way 
of activating a cell, often more so than a stationary spot. Transverse move- 
ment of a slit usually produced responses only when the slit was oriented in a 
certain direction. This was sometimes explained by the arrangement within 
the receptive fields as mapped out with stationary stimuli (Fig. 5). 

In many units (Fig. 7) the responses to movement in opposite directions were 
strikingly different. Occasionally when the optimum direction of movement 
was established, there was no response to movement in the opposite direction 
(Fig. 8). Similar effects have been observed with horizontally moving spots 
in the unanaesthetized animal (Hubel, 1959). It was not always possible to 
find a simple explanation for this, but at times the asymmetry of strength of 
flanking areas was consistent with the directional specificity of responses to 
movement. Thus in the unit of Fig. 7 best movement responses were found by 
moving a slit from the inhibitory to the stronger of the two excitatory regions. 
Here it is possible to interpret movement responses in terms of synergism 
between excitatory and inhibitory areas. This is further demonstrated in 
Fig. 10 B, where areas antagonistic when tested with stationary spots (Fig. 10 A) 
could be shown to be synergistic with moving stimuli, and a strong response 
was evoked when a spot moved from an ‘off’ to an ‘on’ area. 

Inhibition of unitary responses by stimulation of regions adjacent to the 
excitatory area has been described for the eccentric cell in the Limulus eye 
(Hartline, 1949) and for ganglion cells both in the frog retina (Barlow, 1953) 
and in the cat retina (Kuffler, 1953). Analogous phenomena have been noted 
for tones in the auditory system (dorsal cochlear nucleus, Galambos, 1944) 
and for touch and pressure in the somatosensory system (Mountcastle, 1957). 
In each system it has been proposed that these mechanisms are concerned 
with enhancing contrast and increasing sensory discrimination. Our findings 
in the striate cortex would suggest two further possible functions. First, the 
particular arrangements within receptive fields of excitatory and inhibitory 
regions seem to determine the form, size and orientation of the most effective 
stimuli, and secondly, these arrangements may play a part in perception of 
movement. 


It is clear from stimulation of separate eyes with spots of light that some 
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cortical units are activated from one eye only, either the ipsilateral or the 
contralateral, while others can be driven by the two eyes. In view of the small 
number of cells studied, no conclusion can be drawn as to the relative propor- 
tions of these units (ipsilaterally, contralaterally and bilaterally driven), but it 
appears that all three types are well represented. 

Studies of binocularly activated units showed that the receptive fields 
mapped out separately in the two eyes were alike. The excitatory and in- 
hibitory areas were located in homologous parts of the retinas, were similarly 
shaped and oriented, and responded optimally to the same direction of 
movement. When corresponding parts of the two receptive fields were 
stimulated summation occurred (Fig. 9). Assuming that the receptive fields 
as projected into the animal’s visual field are exactly superimposed when an 
animal fixes on an object, any binocularly activated unit which can be affected 
by the object through one eye alone should be much more strongly influenced 
when both eyes are used. The two retinal images of objects behind or in front 
of the point fixed will not fall on corresponding parts of the fields, and their 
effects should therefore not necessarily sum. They may instead antagonize 
each other or not interact at all. 

It is possible that when an object in the visual field exerts, through the two 
eyes, a strong influence on binocularly activated units, those influences may 
lead in some way to an increased awareness of the object. If that is so, then 
objects which are the same distance from the animal as the object fixed should 
stand out in relief. On the other hand such units may be related to mechanisms 
of binocular fixation, perhaps projecting to mid-brain nuclei concerned with 
the regulation of convergence. 


SUMMARY 


1. Recordings were made from single cells in the striate cortex of lightly 
anaesthetized cats. The retinas were stimulated separately or simultaneously 
with light spots of various sizes and shapes. 

2. In the light-adapted state cortical cells were active in the absence of 
additional light stimulation. Increasing the depth of anaesthesia tended to 
suppress this maintained activity. 

3. Restricted retinal areas which on illumination influenced the firing of 
single cortical units were called receptive fields. These fields were usually 
subdivided into mutally antagonistic excitatory and inhibitory regions. 

4. A light stimulus (approximately 1 sec duration) covering the whole 
receptive field, or diffuse illumination of the whole retina, was relatively 
ineffective in driving most units, owing to mutual antagonism between 
excitatory and inhibitory regions. 

5. Excitatory and inhibitory regions, as mapped by stationary stimuli, were 
arranged within a receptive field in a side-by-side fashion with a central area 
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of one type flanked by antagonistic areas. The centres of receptive fields could 
be either excitatory or inhibitory. The flanks were often asymmetrical, in that 
a given stationary stimulus gave unequal responses in corresponding portions 
of the flanking areas. In a few fields only two regions could be demonstrated, 
located side by side. Receptive fields could be oriented in a vertical, horizontal 
or oblique manner. 

6. ffective driving of a unit required a stimulus specific in form, size, 
position and orientation, based on the arrangement of excitatory and inhibi- 
tory regions within receptive fields. 

7. A spot of light gave greater responses for some directions of movement 
than for others. Responses were often stronger for one direction of movement 
than for the opposite; in some units these asymmetries could be interpreted 
in terms of receptive field arrangements. 

8. Of the forty-five units studied, thirty-six were driven from only one eye, 
fifteen from the ipsilateral eye and twenty-one from the contralateral; the 
remaining nine could be driven from the two eyes independently. In some 
binocular units the two eyes were equally effective; in others various degrees 
of dominance of one eye over the other were seen. 

9. Binocularly activated units were driven from roughly homologous regions 
in the two retinas. For each unit the fields mapped for the two eyes were 
similar in size, form and orientation, and when stimulated with moving spots, 
showed similar directional preferences. 

10. In a binocular unit excitatory and inhibitory regions of the two recep- 
tive fields interacted, and summation and mutual antagonism could be shown 
just as within a single receptive field. 


We wish to thank Dr 8. W. Kuffler for his helpful advice and criticism, and Mr R. B. Bosler 
and Mr P. E. Lockwood for their technical assistance. This work was supported in part by U.S. 
Public Health Service grants B-22 and B-1931, and in part by U.S. Air Force contract AF 49 
(638)-499 (Air Force Office of Scientific Research, Air Research and Development Command). 
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EXCITATION AND DEPRESSION OF ECCRINE SWEAT GLANDS 
BY ACETYLCHOLINE, ACETYL-8-METHYLCHOLINE 
AND ADRENALINE 


By K. J. COLLINS, F. SARGENT* anv J. 8. WEINER 


From the Medical Research Council Unit for Research on Climate and 
Working Efficiency, Department of Human Anatomy, University of Oxford 


(Received 24 April 1959) 


Acetylcholine is generally accepted as the neurohumoral transmitter to the 
eccrine sweat glands (Dale & Feldberg, 1934; Chalmers & Keele, 1952). 
The response of the sweat glands to intradermal injections of acetylcholine 
and related compounds has been the subject of numerous studies (for a 
review see Randall & Kimura, 1955) but it has only recently become apparent 
that the glands are not nevessarily excited, and may in fact be depressed, by 
large or repeated doses of these drugs (Collins, Sargent & Weiner, 1958). No 
systematic investigation of the effects of these substances in different con- 
centrations has hitherto been made. The finding that the excitability of the 
glands depends on the doses used may have some bearing on the study of 
those conditions in which the sweat glands cease to function, e.g. after pro- 
longed sweating, in heat stroke and in dehydration, or when, as in acclimatiza- 
tion, the glands become more responsive. 

Thaysen & Schwartz (1955) found that repeated intradermal injections of 
methacholine (acety!-8-methylcholine) resulted in a gradually decreasing output 
of sweat until the glands became refractory to further stimulation. The de- 
crease in sweating was ascribed to exhaustion of the gland cells and this was 
thought to resemble the natural sweat-gland ‘fatigue’ which ensues after 
prolonged exposure to heat stresses near the limits of tolerance (Gerking & 
Robinson, 1946). Thaysen & Schwartz (1955) found that thermally fatigued 
glands, like methacholine-treated glands, failed to respond to methacholine. 
In heat-induced fatigue the decline in sweat rate is associated with a sustained 
or rising skin temperature and a rise in salt output of the sweat (Robinson & 
Robinson, 1954). Dole, Stall & Schwartz (1951), however, failed to show any 
increase in the sodium concentration of sweat collected during repeated 
stimulation by methacholine when the rate of flow decreased. Some evidence 
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has already been brought forward (Collins e¢ al. 1958) that the depression by 
high concentrations of drugs does not involve prolonged activity of the sweat 
glands. Thus the analogy with thermally induced fatigue might not be exact. 

Alternative explanations can be advanced to account for the depression 
by drugs, and these are considered in this paper. 

(1) It is possible that the decline in the number of active glands is the result 
of physical damage by repeated injections. 

(2) Tt is possible that large amounts of acetylcholine or methacholine may 
indirectly influence sweat gland activity by a local vasoconstriction, such as 
has been found in the salivary gland (Graham & Stavraky, 1953; Dirnhuber 
& Lovatt Evans, 1954). The vasoconstriction produced by excess acetyl- 
choline may, in turn, be due to the release of an adrenaline-like substance 
from, for example, blood vessel walls (Kottegoda, 1953; Burn & Rand, 1958). 
Accordingly, the action of adrenaline injected alone and in combination with 
acetylcholine has been examined. 

(3) It is also possible that when high concentrations of sudorific drugs are 
maintained by repeated injections, the sweat glands become accommodated 
to the action of the drug. This may be analagous to the ‘densensitization’ 
produced by acetylcholine at the motor end-plate (Thesleff, 1955; Katz & 
Thesleff, 1957). 

In addition, studies have been made of the recovery from drug-induced 
depression. Sonnenschein, Kobrin, Janowitz & Grossman (1951) reported 
that following sweat-gland activity induced by intradermal injections of 
adrenaline a local inhibition of sweating developed which sometimes lasted 
for more than 24 hr. They noted a similar inhibition in six out of ten trials 
with small doses of acetylcholine. In Kuno’s (1956) view this phenomenon is 
peculiarly associated with the direct action of these drugs on sweat glands. 
As little is known about a depression developing or persisting for days after 
injection, we sought: for evidence of it in the course of these experiments. 


METHODS 


Sweat responses were investigated on the flexor surfaces of the forearms of four male subjects. 
Sweat-gland counts were made on the proximal two-thirds of the forearm, unless specified other- 
wise. At the laboratory temperature in which the experiments were conducted (22+3° C) there 
was no spontaneous sweating on the forearm. 

A standard procedure was adopted to test the activity and number of sweat glands evoked by 
thermal stimulation. The lower legs were immersed in a water-bath at 43-45° C for a given period, 
usually 1 hr. To test the responsiveness of the glands at intervals up to 7 days and more, two 
methods of stimulation were used. In one, indirect heating for 1 hr was employed and during 
the last 30 min, when sweating was profuse, prints were taken at set times from an exactly de- 
limited area. The same area could then be tested in the same way on subsequent occasions. In 
the second method the chosen area was tested by injecting a small dose of methacholine (10 or 
20 wg in 0-05 ml. saline) on each occasion. 

Intradermal injections were given by 0-5-1-0 ml. tuberculin or Agla micrometer syringes fitted 
with 28-gauge } in. (12 mm) needles; the tip of the needle usually penetrated about 2-3 mm into 
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the dermis. Drugs were injected in 0-05-0-5 ml. sterile normal saline (NaCl 0-9% (w/v)), each 
injection taking roughly 20-30 sec. Control injections of normal saline were frequently made 
throughout the experiments. The principle sudorific agents employed were acetylcholine chloride 
and methacholine chloride (Savory & Moore, acetyl-8-methylcholine chloride). Other drugs used 
during the course of these experiments were atropine sulphate, adrenaline chloride, procaine 
hydrochloride, histamine acid phosphate, tolazoline hydrochloride, hyaluronidase and neostig- 
mine methylsulphate. All solutions for injection were prepared freshly for each experiment with 
aseptic precautions. 

In some experiments three or more areas on the same forearm were investigated simultaneously. 
Diffusion of the drug into adjacent areas along cutaneous lymphatic vessels was prevented by 
adjusting } in. (6 mm) rubber bands round the limb, according to the procedure recommended by 
Wada, Arai, Takagaki & Nakagawa (1952). 

Active sweat glands were enumerated on shaved areas of the skin by the plastic-impression 
method of Thomson & Sutarman (1953). The plastic solution was prepared from 5 g polyvinyl 
formal and 1 ml. butyl phthalate made up to 100 ml. with ethylene dichloride. The viscosity 
was measured by a microviscosimeter and adjusted to 40-60 centistokes before use. Skin areas 
from which sweat-gland prints were taken were carefully blotted dry before each application of 
the plastic. The plastic was painted on the skin by a sable brush (No. 12, Winsor & Newton). 
Rapid drying (within 10-15 sec) was facilitated by a current of warm air. The dried plastic was 
removed from the skin by } in. (19 mm) wide strips of Selloproof or Vinyl No. 12 transparent 
adhesive tape (Adhesive Tapes Ltd) and mounted on glass slides. A ball-point pen was found to 
be convenient for marking the skin before each print. A clear and reproducible identification 
mark could in this way be obtained on both the skin surface and the plastic film. The surface of 
the skin was unaffected by applications of the plastic at 3-10 min intervals during 1-3 hr. A 
local irritation and erythema sometimes occurred in experiments prolonged beyond 3 hr, par- 
ticularly when the forearm was sweating profusely as in indirect heating experiments. Consecu- 
tive prints of the sweating response were examined by photometric projection (magnification 

x 40). By orientating the slides in relation to skin markings and the sebaceous glands it was 
possible to identify the site of individual glands with accuracy and to follow the activity of each 
gland throughout an experiment. The numbers of active glands per square centimetre were tabu- 
lated by dividing the image on the screen into four areas, each representing 0.25 cm?* (see Fig. 2). 

The actual volume of sweat secreted was not measured. The relative output of individual glands 
was however assessed from the size of the perforations in the sweat-gland prints. Thomson & 
Sutarman (1953) showed that for rates of sweating below 3-8 g/100 cm?/hr the size of the holes in 
the plastic impression was directly related to the quantity of sweat produced. Preliminary experi- 
ments in which sweat rate was measured by the capsule method of Dole et al. (1951) indicated that 
this relationship was probably true for sweating up to 7 g/100 cm*/hr induced by indirect heating. 
Skin temperatures were measured in certain experiments by a thermocouple and potentiometer. 


RESULTS 
Sweat-gland responses to indirect heating 
A typical forearm sweat response expressed in terms of the number of active 
glands produced by indirect heating is shown in Fig. 1a. Sweating was usually 
first detected 5-15 min after immersing the legs in the bath. There were 
differences between the subjects both in the latent period and in the time 
taken for attaining the maximum number of active glands. The maximum 
numbers of active sweat glands for each subject are recorded in Table 1. 
The density of sweat glands in Subject IV, who rarely exhibited more than 
80 active glands/cm?, was less than in the other three subjects, but the output 
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per gland as measured by the area of the perforations in the sweat prints was 
larger. In three subjects counts on the same region of each arm were similar. 
The counts on the left arm of Subject II, however, usually exceeded those on 
the right. In all subjects the density of active glands at the wrist was about 
30°% higher than on the upper region of the forearm. There were considerable 
differences in the activity of individual glands. Glands which first showed 
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Fig. 1. Number of active sweat glands per square centimetre on the proximal two-thirds of the 
forearm (Subject I) during (a) heating the lower legs in a water-bath at 44° C, indirect heating; 
and after intradermal injections of (b) 1 wg, 10 ug and 400 ~g ACh, (c) methacholine (m) 
1 ug, 10 wg and 400 ug and (d) adrenaline (Ad) 10 yg. 


activity tended to be among the most active throughout heating. As heating 
progressed both the number of active glands and the output per gland rapidly 
increased. When the legs were removed from the hot water-bath after 1 hr, 
sweating ceased within a few minutes. During the period of heating the oral 
temperature increased by approximately 1°C, with very little change in 
forearm skin temperature. 

Sweating induced by indirect heating was completely suppressed in a small 
area of the forearm for at least 20 min by a single intracutaneous injection of 
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0-5 ml. procaine 1% (w/v). Injection of a test dose of acetylcholine into the 
procainized area elicited a vigorous sweat response. 

In hot room experiments at 40° C dry bulb, 30° C wet bulb, sweating was 
absent in the injection area for more than 30 min after injecting 1 yg atro- 
pine/0-1 ml. Four hours after administration of 8 ug atropine/0-1 ml. in a 
cool environment (22° C), glands in the injection area remained unresponsive 
to indirect heating. 

Tasie 1. The maximum number of sweat glands per square centimetre activated by indirect 
heating and by intradermal injections of sudorific drugs in the flexor surface of the forearm. 
All figures represent mean maximum values with standard errors; the number of deter- 
minations is given in parenthesis 

Subject I Subject II Subject III Subject IV 


L.arm R.arm L.arm R.arm L.arm R.arm L.arm R. arm 
Indirect heating 10043 1054 7 1014 5 914 8 1084 7 111410 7811 804 2 
(11) (16) (5) (8) (7) (4) (3) (4) 
(wrist) 129+6 125+ 3 139410 1294+ 8 145410 157413 88:3 — 

(3) (2) (3) (2) (4) (3) (2) 
Acetylcholine, 9343 106412 804 1 68410 95 110+ 8 7744 73+ 4 
10 yg/0-05 ml. (5) (2) (2) (4) (1) (2) (5) (4) 
200 ng/0-05 ml. 9544 88 92+ 8 764 9 $724 3 
(5) (1) (3) (2) (9) (4) (12) (7) 
Methacholine 98+3 1034+ 5 92410 644 2 10947 1014 1 7142 Ti+ 4 
10 4g/0-05 ml. (8) (5) (4) (2) (5) (5) (3) (2) 
200 ug/0-05 ml. 10041 994 7 974 2 7743 106413 1104 7 7944 674 4 
(2) (5) (3) (3) (2) (5) (3) (7) 
Adrenaline 47 28+ 2 22+ 9 45411 88410 75412 28 49+11 
10 yg/0-05 ml. (1) (2) (2) (5) (2) (4) (1) (2) 
Sweat gland responses to single intradermal injections 
Acetylcholine (ACh) in concentrations from 1 ug/0-05 ml. to 5 mg/0-05 ml. 
(2 x 10-° to 10-*) was injected during the course of these experiments. Thres- 
hold values, i.e. the smallest doses evoking sweat gland activity, were less 
than 1yg/0-05 ml. for all subjects. Active sweat glands were confined to 
areas of vasodilatation in the injection wheal (1-2 cm in diameter) and along 
the course of cutaneous lymphatic vessels. No clear evidence of axon reflex 
sweating (Coon & Rothman, 1941) was obtained. A few active sweat glands 
1-2 cm from the perimeter of the injection wheal were occasionally observed 
within 1 min of the injection, but this activity could be attributed to rapid 
diffusion of the drug. On the other hand, local pilomotor responses, which 
have also been imputed to axon reflex stimulation (Rothman & Coon, 1940). 
were regularly evoked with concentrations of 5-500 yg/0-05 ml. 

The plastic impression method is not suitable for accurate measurement of 
the latent period of response to intradermal injections of ACh, which is 
reported to be between 5 and 30sec (Coon & Rothman, 1941; Chalmers, 
1950). Prints taken 15 sec after injections of from 10ug to 1 mg ACh/0-05 ml. 
showed some active sweat glands, but doses less than 10 ug ACh/0-05 ml. 
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did not always evoke a response within that time. This suggests more rapid 
diffusion by higher concentrations of the drugs to sweat-gland receptor sites. 
Response curves for glands in the square centimetre contiguous to the site of 
injection are illustrated in Fig. 1b. As the dose increases from 1 to 400 yg; 
0-05 ml. the glands remain active for a longer period. A study of the prints 
showed that with these doses the response was uniform over the square centi- 
metre. Those glands proximal to the site of injection remained active longest. 
Concentrations less than 10 ~g/0-05 ml. did not usually stimulate all functional 
glands in the square centimetre. The output per gland declined before the 
number of active glands decreased. 
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Fig. 2. Percentage of the maximum number of active sweat glands in Areas 1, @, and 3, O, 
(each 0-25 em*) evoked by an intradermal injection of (a) 5 mg ACh in 0-05 ml. and (5) 10 pg 
ACh in 0-05 ml. Active glands were enumerated in four areas, each of 0-25 cm?, in | em* 
contiguous to the point of injection (see diagram). Subject IT. 


With very high concentrations of ACh, 2-5 mg/0-05 ml., a different pattern 
of response was observed in the injection wheal (Fig. 2a). In three out of the 
four subjects, many of the glands immediately adjacent to the injection point 
(Area 1) did not respond to the drug in these concentrations until 4-10 min 
after injection. The corresponding area distal to the site of injection near the 
edge of the wheal (Area 3) responded within 2 min. There was no inhibition in 
Area 1 after injections of equivalent volumes of less concentrated solutions of 
acetylcholine (e.g. 10 ug, Fig. 25). 

Acetyl-B-methylcholine (methacholine). Unlike acetylcholine, which is —_ 
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hydrolysed by cholinesterase, methacholine exhibits a prolonged local action 
on the sweat glands. The response (Fig. 1c) lasted considerably longer 
than that with ACh in equivalent concentrations (Fig. 16). The slow destruc- 
tion of methacholine renders its distribution in the cutaneous lymphatic 
vessels readily visible; narrow channels of vasodilatation with active sweat 
glands sometimes extended up to 12 cm from the injection wheal. No axon- 
reflex sweating or pilomotor reactions were observed with concentrations of 
0-01 »g-1 mg/0-05 ml. Thresholds for the four subjects were found to be less 
than 0-1 yg/0-05 ml. The latent period of the response to doses smaller than 
100 .g/0-05 ml. was similar to that for the same concentrations of ACh. 
Doses of methacholine greater than 10 yg/0-05 ml. evoked approximately the 
same maximum number of active glands per square centimetre as indirect 
heating (Table 1). 

The transient depression in Area 1, previously noted when massive doses 
(2-5 mg/0-05 ml.) of ACh were injected, was also produced by methacholine 
in somewhat lower concentrations (400 »g-1 mg/0-05 ml.), but not with a 
first injection of 200 »g/0-05 ml. (Fig. 3). 

Adrenaline. It has been firmly established that eccrine sweat glands in 
most human subjects can be stimulated by intradermal injections of adrena- 
line and related compounds (Haimovici, 1950; Sonnenschein et al. 1951; 
Chalmers & Keele, 1951). Forearm sweat glands in the four subjects of 
these investigations were activated by adrenaline 10 ug/0-05 ml. (Table 1), 
but the total number of glands stimulated was less than with acetylcholine 
or methacholine in the same concentration. The output of the glands was 
small and the response decayed rapidly (Fig. 1d). Three subjects were 
tested with 50g/0-05 ml. and gave a response even smaller than with 
10 »g/0-05 ml. Both doses of adrenaline evoked pilomotor reactions. An 
intense local vasoconstriction developed 5-10 min after injection, which was 
at first limited to the injected area and later appeared along the course 
of cutaneous lymphatic vessels. Vasoconstriction in the injection area was 
still present 6-8 hr after an injection of adrenaline 50 g/0-05 ml. There was 
a reduction in skin temperature in the vasoconstricted area of about 2-3° C 
relative to surrounding skin areas. If a second dose of adrenaline was in- 
jected into the adrenaline-treated area the response was considerably smaller 
than the first, usually less than half. The sweat response to methacholine 
10 ug was not diminished by a previous injection of adrenaline 10 wg. The 
vasoconstricted area rapidly dilated on injecting the methacholine. 

Diluting fluids. The effects of intradermal injections of diluting fluids were 
examined in two ways. Injections were made on the non-sweating arm in 
order to reveal possible sudorific actions and in other experiments during heat- 
induced sweating to detect inhibitory effects. 

In all subjects 0-05-0-5 ml. sterile normal saline failed to stimulate sweating 
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nor was any inhibition of sweat-gland activity observed in the injection wheal 
during heating. Propylene glycol (frequently used as a vehicle in commercial 
preparations) was injected in concentrations of 7-5%, 15% and 30% (w/v) 
in normal saline. The two higher concentrations produced turgid wheals in 
which vasoconstriction persisted for several minutes. Local vasoconstriction 
in the wheal was produced by all intradermal injections, but this disappeared 
usually within a minute. No sweating was produced by injections of propy- 
lene glycol in saline. During indirect heating, however, 15% or 30% (w/v) 
propylene glycol reduced sweat-gland activity in the injection wheal for at 
least 1 hr. | 


Depression of sweat-gland activity by repeated injections 
The effect of repeated injections of acetylcholine or methacholine. Single 
massive doses (2-5 mg/0-05 ml.) of ACh, as already noted, depressed sweat- 
gland activity near the injection site (Area 1) for several minutes. After two 
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Fig. 3. Effect of five intradermal injections, at arrows, of 200 ug methacholine in 0-05 ml. at 
intervals of approx. 1 hr on sweat gland activity in two adjacent areas of 0-25 cm*; 1 (proxi- 
mal, @) and 3 (distal, ©) to the injection point. Subject IV. 


injections of 1 mg ACh or 400 zg methacholine there was an even more pro- 
nounced depression. When methacholine 200 ug/0-05 ml. was injected re- 
peatedly at intervals of 1 hr, there was a progressive decline in the number of 
active glands (Fig. 3). The first injection stimulated the same number of 
glands in Area 1 and Area 3. The second injection, however, immediately 
inhibited the activity of some glands in Area 1 but stimulated the glands in 
Area 3. With successive injections the number of functional glands in Area 1 
was depressed more rapidly than in Area 3. The inhibition in Area 1 after 
each injection was followed by a partial recovery before the next injection. 
Larger doses of methacholine (2 mg/0-5 ml.) injected at 60 or 100 min 
intervals (as in the experiments of Thaysen & Schwartz, 1955) gave com- 
parable results. The area of depression now extended over the whole square 
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centimetre contiguous with the injection puncture. In the square centimetre 
beyond that the sweat glands were fully active. 

Repeated injections of smaller doses were given (Fig. 4) for comparison 
with the effects of the high dose levels just described. 10 wg methacholine/ 
0-05 ml. and 200g methacholine/0-05 ml. injected in opposite arms at 
first stimulated a similar number of sweat glands. With repeated administra- 
tion, however, the small doses produced a different effect. After five injections of 
10g at 20-30 min intervals, approximately the same number of glands as those 
initially stimulated were still functioning. Five injections of 200 ug, in con- 
trast, produced a gradual depression until only 40% or less of the glands in 
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Fig. 4. Number of sweat glands per square centimetre activated in two separate areas of the 
forearm by repeated intradermal injections at arrows of methacholine in small doses, 
O, (10 pg in 0-05 ml.) and large doses, @, (200 wg in 0-05 ml.) at 20-30 min intervals. 
Subject ITI. 


the area were active. Even after fourteen consecutive injections of 10 yg 
methacholine during 6} hr, 70% of the glands in the square centimetre adjacent 
to the point of injection were still active. This reduction in the number of active 
glands took place almost entirely in Area 1, whereas in Area 3 (in contrast to 
the action of repeated doses of 200 ug), glands remained active throughout. 
Similar results were obtained with ACh, but the depression developed more 
slowly than with methacholine. 

During drug-induced depression, the pee of each active gland gradually 
diminished until the gland ceased to respond. The rate at which secretory 
activity decreased was by no means uniform for all the glands stimulated by 
the drug. There was a marked fall in output from glands in Area 1 before the 
output per gland in Area 3 decreased. In an experiment in which six injections 
of methacholine 400 y.g/0-1 ml. were given at half-hour intervals, the activity 
of each gland in an area of 1 cm? was expressed as the sum of the pore areas 
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of that gland on consecutive prints. The activity of the glands was found to 
increase with the distance from the point of injection (Fig. 5). 

Mechanical effects of repeated intradermal injections. Experiments were 
performed to assess the effects of mechanical traumata, such as repeatedly 
puncturing the skin or distending the skin with the injected fluid. Repeated 
administration of normal saline 0-05 ml. or 0-5 ml. did not impair the reaction 
of the sweat glands to subsequent treatment with ACh or methacholine. Simi- 
larly, if single doses of drugs, previously shown to produce no depression, were 
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Fig. 5. Relationship between the ‘activity’ of sweat glands and the distance of the glands from the 
point at which six intradermal injections of 400 ug methacholine in 0-1 ml. were given at 
4 hr intervals. The ‘activity’ is expressed as the sum of the pore areas (mm*) of each gland 
on twenty prints taken during the 3 hr experiment. @, glands in 0-25 cm?* proximal (Area 1); 
O, glands in 0-25 em?* distal (Area 3) to the injection point. Subject I. 


followed by five injections of saline during 3 hr, a second injection of the drug 
at the end of that period stimulated the same number of glands as the first. 
Further, the depression brought about by ACh or methacholine in high con- 
centrations still occurred when, instead of repeatedly administering the agent 
through a single injection site, the consecutive punctures were made at different 
sites around the edge of 1 square centimetre. Several injections of the drugs 
into the same area produced only slight local oedema. When 12 i.u. hyaluron- 
idase was combined with methacholine 400 yg/0-1 ml. there was no local 
acuur:'etion of fluid, but repeated injections of this mixture produced a 
depression which was similar to that caused by injections of methacholine 
400 ug/0-1 ml. alone (Fig. 6). 
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The influence of local vascular changes and of adrenaline. Perfusion experi- 


ments on various animal preparations by Hunt (1918) and many later workers 
have shown that ACh exhibits a dual vasomotor effect, small doses augmenting 
and large diminishing the blood flow. One explanation for the different 
effects of small and large doses on sweating responses might therefore be that 
these responses are influenced by local vascular changes. Blanching was 
usually observed in the injection wheal immediately after injection, but this 
was replaced within a few minutes by a lasting vasodilatation. Small and 
large doses of ACh or methacholine did not, however, produce any obvious 
differences in vascular reaction. This would appear to indicate that the 
depressant action of these drugs does not depend on vasoconstriction. Even 
though there is no vasoconstriction, the possibility that an adrenaline-like 


2 

0F 

& 

20 

8 20 40 60 80 100 120. +140 

Time (min) 


Fig. 6. Effect of hyaluronidase on the depression of sweat-gland activity by repeated injections 
of methacholine. Injections (at arrows) of 400 ug methacholine combined with 12 i.u. 
hyaluronidase (@) and of 400 ug methacholine alone (©). Subject IV. 


substance is released under the influence of ACh (Kottegoda, 1953) and that 
the adrenaline exerts the inhibitory effect needs to be examined, since we have 
seen that adrenaline has a depressant effect. Three observations show that 
adrenaline is not involved. (1) when adrenaline depressed sweat activity in 
single doses and more markedly in repeated doses, there was always a lasting 
vasoconstriction. (2) When adrenaline was used to enhance the action of 
ACh there was vasoconstriction. Thus the depression induced by repeated 
injections of ACh 2 mg/0-5 ml. was enhanced by the addition of 10 yg 
adrenaline. When 10g adrenaline was combined with only 100 ug ACh/ 
0-5 ml.—a dose of ACh which, alone, did not depress sweating—marked 
depression developed (Fig. 7). In experiments on two of the subjects vaso- 
constriction did not persist, but the areas were dilated for several minutes 
after each injection and constriction gradually developed before the next 
injection was given. In these subjects the decline in sweat gland activity 
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exceeded that in the area treated with ACh by itself only when there was 
obvious vasoconstriction, that is, in the period just before an injection of 
the adrenaline-acetylcholine solution. (3) When a sympatholytic agent such 
as tolazoline is combined with ACh or methacholine in high concentrations we 
should expect the depression to be prevented if adrenaline is involved. 
However, when 100 yg tolazoline was combined with repeated injections of 
400 yg methacholine or of ACh 1 mg/0-1 ml. the depression developed just as 
rapidly as in the absence of tolazoline. In fact there was usually a more 
pronounced vasodilatation when tolazoline was present, showing again that 
the depression occurs both in the presence of an adrenaline antagonist and of 
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Time (min) 

Fig. 7. Effect on sweat-gland activity of repeated intradermal injections (at arrows) of ACh 
combined with adrenaline. (a2) 2 mg ACh combined with 10 wg adrenaline (@); 2 mg ACh 
alone (©). (b) 100 wg ACh combined with 10 ug adrenaline (@); 100 ug ACh alone (0). 
Subject IV. 


vasodilatation. Tolazoline 100 ug/0-1 ml., alone, did not stimulate the sweat 
glands. 

The effect of anticholinesterase. In an environmental temperature of 22° C 
an intradermal injection of neostigmine 5 ug/0-1 ml. elicited a local sweat 
reaction which was less intense, but of longer duration, than the response to 
ACh. It has been suggested that neostigmine and other anticholinesterases 
stimulate the glands, not only by allowing the ACh produced at nerve endings 
to build up to a threshold value for stimulation, but also by a direct excitor 
effect on the glands (Chalmers, 1950; Janowitz & Grossman, 1950). From 
experiments on two subjects at 20°C it was found that neostigmine 5 yg/ 
0-1 ml. produced no response when injected after procaine 05% (w/v)/ 
0-2 ml. and a small response after 0-2 ml. normal saline. At 23°C there was 
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again no response to neostigmine after procaine, but in both subjects there 
was vigorous sweating when neostigmine was injected after normal saline. 
These observations suggest that the sweat reaction to neostigmine 5 yg/0-1 ml. 
was due to potentiation of subthreshold amounts of transmitter and not to 
direct stimulation by the drug. 

When neostigmine was injected together with ACh the duration of both 
vasodilator and sweat responses increased, so that the responses resembled 
those given by methacholine. It has already been shown that inhibition of 
sweat-gland activity was usually provoked more rapidly with large doses of 
methacholine than with ACh. If this is due to a difference in the rate of 
destruction of the two drugs by cholinesterase, then by delaying the removal of 
ACh cholinesterase inhibitors should augment the action of the drug and 
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Fig. 8. Depression of sweat-gland activity by repeated intradermal injections of ACh combined 
with neostigmine. Injections (at arrows) of 20 ug ACh combined with 5 ug neostigmine 
(@) and of 20 wg ACh alone (0). Subject I. 


exacerbate the inhibitory effect. When 5 yg neostigmine was combined with 
only 20 ug ACh/0-1 ml., the action of the ACh was at first potentiated, and 
then there ensued a progressive decline in the number of active glands similar 
to that produced by large doses of ACh or methacholine (Fig. 8). 

In further experiments (Fig. 9) it was established that five injections of 
ACh 100 yg/0-1 ml. at 20 min intervals could produce a sustained sweat 
response. If after two such injections of 100 ug ACh, 5 wg neostigmine was 
added to each of the following three injections, then the number of active 
glands rapidly decreased. Repeated administration of neostigmine 5 pg! 
0-1 ml. alone did not depress the number of active glands (Fig. 9). 

Effect of atropine. Thaysen & Schwartz (1955) have shown that thermally- 
induced fatigue of the sweat glands can be prevented by intradermal infiltra- 
tion with atropine, but similar experiments were not performed to establish 
whether atropine could ‘protect’ the glands from the depressant effect o! 
large doses of methacholine. This point has been examined in four experiments 
with almost identical results. One of these studies is illustrated in Fig. 10. 
A selected area on each arm of the subject was tested a few hours before the 
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experiment, either by injecting small doses of methacholine (20 or 40 yg/ 
0-1 ml.) or by indirect heating to determine the number and disposition of 
functional sweat glands. At the start of the experiment one area was injected 
with atropine 4 or 8 yg/0-1 ml. and the other with 0-1 ml. normal saline. 
Approximately 10 min afterwards both areas were injected with methacholine 
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Fig. 9. Sweat-gland responses to intradermal injections (at arrows) of ACh and neostigmine. Five 
injections of 100 wg ACh (©); four injections of 5 pg neostigmine (A); two injections of 
100 ng ACh followed by three injections of 100 ng ACh combined with 5 ug neostigmine 
(ACh +N, @). Laboratory temperature 22° C. Subject III. 
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Fig. 10, Effect of repeated intradermal injections of methacholine and atropine on sweat-gland 
activity. (a) the number of active glands evcked by a test dose of 40 ng methacholine (M) 
in 0-1 ml. in an area on each forearm 2 hr before Expt. (6), in which the previously tested 
areas were injected (at arrows) with 4 ng atropine (A) in 0-1 ml. and 400 yg methacholine (M) 

in 0-1.ml. (©); 0-1 ml. normal saline (S) and 400 »gM in 0-1 ml. (@). Subject Il. 
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400 yg/0-1 ml., and then again at 30 min intervals. In the area pre-treated 
with atropine, injections of atropine were repeated before each methacholine 
injection, and concurrently equal volumes of normal saline were injected in 
the area on the control arm. The area treated with atropine exhibited short 
bursts of sweating after each dose of methacholine while the control area 
showed the expected gradual decline in the number of active sweat glands. 
After the fourth injection of methacholine, a period of about 40 min was 
allowed for the effects of the atropine to wear off and both areas were then 
tested with three consecutive doses of methacholine 400 yg/0-1 ml. The 
response to the ultimate injection of methacholine in the previously atropin- 
ized area was almost equal to that given by the original test dose of 40 ug. In 
Area 1, where depression was usually most marked, the number of active glands 
and the mean output per gland was the same before and after treatment with 
atropine. Conversely, in the area on the control arm which had not been 
atropinized, these last injections of methacholine provoked near-anhidrosis. 


Recovery of sweating responses after untradermal injections 

Single injections. The number and exact location of functional glands in 
selected forearm areas were determined before the injection; these same areas 
were then retested by indirect heating, 4 hr, 1 day, 2 days and 1 week after 
the injection (Fig. 11). The active glands were located during successive tests 
with an error of not more than 2 glands/0-25 cm?. On testing at intervals 
following the intradermal injection of 0-05 ml. normal saline there was no 
loss of responsiveness to indirect heating (Fig. 11a). 

The effect of adrenaline injections (10 »g/0-05 ml.) was investigated in two 
subjects. In one there was no inhibition of the sweat response. In the other 
(Subject III, Fig. 116) there was likewise no decline in activity after 4 hr but a _ 
decreased sweat response occurred 1 day after injection. Complete recovery 
of the number of active glands did not take place until after 1 week. Injec- 
tions of ACh 10 or 200 ug/0-05 ml. did not inhibit responses to subsequent 
heating tests (Fig. 11c, d). With ACh 400 g/0-05 ml. there was no depression 
after 4 hr but a fall occurred in the number of active glands in Area 1 after 
1 day, with full recovery by the second day (Fig. 11e). 

Four hours after injections of methacholine 10, 200 or 400 yg/0-05 ml. there 
was again no depression of the response to indirect heating (Fig. 11g, /). 
After 1 day, however, there was a significant decrease in the number of 
functional glands; the loss of responsiveness was proportional to the dose of 
methacholine injected. Two days after injection the area treated with 10 pg 
methacholine gave almost a normal response. After injections of 200 or 400 pg 
methacholine full activity was not re-established until after 1 or 2 weeks. 
Pre-treatment with atropine 8 g/0-05 ml. before 200 or 400 yg methacholine 
did not prevent subsequent depression, but shortened its duration (Fig. 114). 
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injections. Control experiments showed that five consecutive 
injections of 0-05 or 0-5 ml. normal saline did not depress the responsiveness of 
sweat glands tested 24 hr later, whether either indirect heating or an injection 
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thr Tday 2 dayst week 
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Fig. 11. Maximum number of active sweat glands stimulated by indirect heating 4 hr before and 
at intervals of 4 hr, 1 day, 2 days and 1 week after intradermal injections of sudorific drugs 
(Subject III). Black columns represent the maximum number of active glands in 0-25 cm 
proximal (Area 1) and white columns glands in 0-25 cm? distal (Area 3) to the injection point. 
All injections of adrenaline (Ad), acetylcholine (ACh), methacholine (m) and atropine (Atrop) 
in 0-05 ml. saline. When repeated injections are given, the response in column 2 represents 
the maximum number of active sweat glands evoked by the first injection of the sudorific 
drug. 
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of a standard small dose of methacholine (10 or 20 »g/0-1 ml.) was employed 
as the test procedure. In contrast, an area which received five injections of 
methacholine 400 yg/0-1 ml. was still inactive on the third day when a test 
dose of 20 ug methacholine was given, and recovery was not complete even 
by the ninth day (Fig. 12). In another skin area no immediate decline in 
the number of active glands occurred after five injections of methacholine 
20 »g/0-1 ml., but on the third day activity was much depressed and the full 
number of functional glands did not recover until the ninth day. 


1st day 3rd day Sthday 9th day 
(Test doses, 20¢g methacholine in 041 mi.) 
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Fig. 12. Sweat-gland responses to test doses of methacholine after repeated intradermal in- 
jections of methacholine. Five injections of 400 ug methacholine in 0-1 ml. (@) and five injec- 
tions of 20 ng methacholine in 0-1 ml. (©) were given at arrows on the first day, and the 


two areas then tested by 20 ug methacholine in 0-1 ml. on the 3rd, 5th and 9th days, 
Subject I. 
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Since single, small, test doses alone caused depression 1 day after administra- 
tion (Fig. 119), indirect heating appeared to be the more satisfactory method of 
testing. Some results of heating tests on areas repeatedly injected with drugs 
are shown in Fig. 11f, «, 7. The sweating produced by three consecutive in- 
jections of ACh 200 1g/0-05 ml. at 30 min intervals ceased 2 hr after the first 
injection. Two hours later (that is 4 hr after the first injection) the glands 
responded normally to indirect heating. On the following day, however, there 
was distinct inhibition in Area 1 (an effect which could not be elicited by a 
single injection of ACh 200 ug/0-05 ml.) and recovery took more than 1 week 
(Fig. 11f). Similarly, three consecutive injections of methacholine .200 yg) 
0-05 ml. produced a normal maximum response in Areas 1 and 3 after 4 hr 
but depression after 1 day (Fig. 111). Inhibition persisted in both areas for 
more than 1 week. When larger doses of methacholine were used, @.g. six 
injections of 400 yg, the glands failed to respond maximally to heat even after 
4 hr, and the depression was more marked after 1 day (Fig. 11j). The dura- 
tion of the depression which developed after 1 day appeared to depend on the 
dosage of the sudorific drug initially injected and not on the number of injec- 
tions per se. Methacholine was more effective than ACh in producing the 
depression and large doses more effective than small. Atropine was found to 
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protect the glands to some extent against the depressant effect of multiple 
injections, just as it did with single injections (Fig. 111). 

It is clear that 1 day after a single injection, drug-stimulated glands enter 
into a state of depression, the persistence of which depends on the dose given, 
but this depression was not present 4 hr after the injection. It is therefore a 
slowly developing depression but one which can be accelerated by multiple 
injections of drugs in high concentrations. 

Since 24 hr after single or multiple injections sweat-gland activity was found 
to be depressed, the question arises as to whether the glands had at all re- 
covered from the immediate depression following large and repeated doses 
described above (p. 608). The usual depression was induced by five consecu- 
tive injections of methacholine 400 yg/0-1 ml. at 30 min intervals. After this, 
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Fig. 13. hie ia of sweat-gland activity after depression by five intradermal injections at 
arrows of 400 ug methacholine (mM) in 0-1 ml. Sweat-gland responses were tested by intra- 
dermal injections of 10 ug methacholine in 0-1 ml. at 2} hr and at intervals up to 2 weeks 
after the first injection of 400 ug methacholine. Subject III. 
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small test doses of methacholine 10 ug were administered (Fig. 13). The 
first and second tests, at 24} and 34 hr after the first injection of 400 yg, 
showed that the depression still persisted. After 34 hr there was a gradual 
recovery in activity, until at 10 hr over half the original number of active 
glands were again functioning. The next test at 24 hr then showed the marked 
inhibition (to which attention has already been drawn), followed by a slow 
recovery during the course of the next 2 or 3 weeks. 

These observations suggest that there are two quite distinct phases of 
maximum depression in sweat-gland activity. The first occurs immediately 
after multiple injections of massive doses of the sudorific drug. The second is 
fully developed roughly 24 hr after injections. Recovery from the first phase 
of depression takes place within a few hours; but complete restoration of the 
number of active glands was not in fact realized even after 10 hr. This was 
probably due to the simultaneous development of the second depressant 
phase. 

Associated with the slowly developing secondary phase of depression. there 
was a local inflammatory reaction which became apparent some hours after 
the final injection of large doses of the drugs and was most evident after 24 hr. 
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The slow recovery of sweat-gland activity in the injected area was also ac- 
companied by local scar formation and subsequent desquamation after 2 or 
3 weeks. 


DISCUSSION 


Sweat-gland stimulation by intradermal injection of a sudorific drug involves 
diffusion of the drug to receptor sites, and constitutes a much less efficient 
means of stimulation than the natural release of transmitter substances at 
nerve endings. Chalmers (1950) found that the latency of response to ACh 
administered intradermally was 30-60 sec for near-threshold doses (10~*); 
the delay in response could not be reduced below 10 sec even with very high 
concentrations, up to 10-*. In contrast, nerve stimulation produced responses 
within 1 or 2 sec. We have found that single massive doses of ACh or metha- 
choline may in fact delay the activation of sweat glands near the injection 
site (Area 1) for several minutes. One possible explanation for this long latency 
is that the sweat-gland receptors are rapidly desensitized to the action of the 
drug. A factor which should be considered is the vehicle in which the sudo- 
rific agent is injected; for, as we have shown, concentrations of propylene 
glycol exceeding 15°% (w/v) can inhibit sweat-gland responses. Our results 
make it clear, however, that high concentrations of ACh or methacholine 
have a specific inhibitory effect. 

Although human eccrine sweat glands can be stimulated by intradermal 
injections of adrenaline (not by systemic administration; Chalmers & Keele, 
1951) there is no evidence for an adrenergic component in the nerve supply 
to the glands. Arguments against an adrenergic component are (a) that 
atropine can completely suppress thermal or mental sweating while adrenaline- 
blocking agents such as dibenamine do not (Chalmers & Keele, 1951); and 
(5) that amine oxidase activity is absent from human skin (Hellmann, 1955). 
Adrenaline does not act by the release of ACh, since atropine does not block 
its sudorific action (Sonnenschein et al. 1951). In our experiments the adrena- 
line response differs from that of ACh or methacholine in its smaller magnitude 
and shorter time course and by the presence of vasoconstriction. We have 
presented some evidence that the accompanying vasoconstriction may underly 
the small response to adrenaline. 

The decrement in sweat-gland activity after prolonged and copious sweating 
in very hot environments is customarily described as ‘fatigue’ of the sweat 
apparatus. Thaysen & Schwartz (1955) assume that the decline in sweat- 
gland activity following injections of large quantities of methacholine is analo- 
gous to this natural fatigue. Our evidence, on the other hand, indicates that 
the two processes are not entirely similar. The depression induced by drugs 
does not necessarily entail prolonged or intense secretory activity. Dole et al. 
(1951) showed that during repeated injections of methacholine the sodium 
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concentration does not increase with the fall in output, as is the case in 
thermal sweat-gland fatigue (Robinson & Robinson, 1954). 

To account for the depressant effects of large or repeated doses of ACh or 
methacholine administered intracutaneously, other explanations may be 
advanced. First, it is conceivable that gross mechanical damage may be 
inflicted on dermal structures, particularly by repeated injections. Data 
given by Barer (1954) indicate that an interstitial pressure in the skin exceed- 
ing 100 mm Hg may be expected from single intradermal injections of 0-05 ml., 
but this pressure rapidly declines. Local anhidrosis can be produced experi- 
mentally by intradermal injections of normal saline which increase tissue 
pressure sufficiently to constrict sweat gland ducts (Shelley, Horvath & — 
Pillsbury, 1950). It is difficult to accept such an explanation for the depres- 
sion by injections of readily diffusible solutions, especially as the depression is 
in no way alleviated by hyaluronidase. Small doses of the drugs involving 
repeated skin punctures and the injection of the same volume of fluid do not 
cause a decline in activity. Also, repeated administration of normal saline 
does not impair the reaction of the sweat glands to subsequent treatment with 
ACh or methacholine. Depression by large doses of drugs is unlikely to be due 
to osmotic disruption of sweat gland cells, since all solutions were close to 
isotonic. In addition, atropine may protect the glands from immediate 
inhibition by large quantities of sudorific drugs. This suggests some specific 
interaction between the drugs and the ‘receptor’ sites. 

A second hypothesis to explain the reduction in sweat response is that large 
quantities of ACh or methacholine impair the local blood supply to the glands, 
possibly through the release of an adrenaline-like substance. An adrenaline 
antagonist, tolazoline, as we have shown, does not however prevent the 
decline in sweat-gland activity. The fact that adrenaline enhances the depres- 
sion (despite its intrinsic sudorific effect) seems to be due to its intense vaso- 
constrictor action. Unless such vasoconstriction is present, adrenaline com- 
bined with ACh does not augment the depression. There was, however, no 
lasting vasoconstriction in areas injected with large doses of ACh or metha- 
choline alone. Adrenaline vasoconstriction may have the effect of maintaining 
a high local concentration of ACh. 

Since mechanical traumata or changes in blood supply do not seem likely 
causes for the depression, a third hypothesis may be suggested. The decline 
in sweat-gland activity by drugs in maintained high concentrations may be 
some form of accommodation or ‘desensitization’, analogous to that produced 
at the motor end-plate (Thesleff, 1955). This ‘desensitization’ is associated 
with large doses but not with prolonged secretory activity. Small doses of 
methacholine (10 yg/0-1 ml.) can maintain activity with little reduction in 
output for up to 6 hr. Thesleff (1955) suggests that the receptor system at the 
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there is gradual recovery after complete withdrawal of the drug. There is a 
corresponding slow recovery of sweat-gland activity over some hours after 
depression by large doses of ACh or methacholine. The fact that the gland 
receptors are involved is well supported by (a) the action of atropine in pro- 
tecting the glands from the depressant effects of high doses, and (5) the finding 
that neostigmine may allow small doses of ACh to produce depression. Whether 
natural fatigue is also a consequence of ‘desensitization’ it is not possible 
to say without further experiments. 

One feature of the reduction in sweat-gland activity by sudorific drugs, 
which does not appear to be related to either desensitization or natural fatigue, 
is the subsequent long-lasting partial inhibition, which may persist for up to 
3 weeks after injection. There is a latent period during which the inhibitory 
reaction develops; the depression is most marked after 1 or 2 days. Injections 
of normal saline or small doses of ACh do not produce this late-developing 
depression. Sonnenschein et al. (1951), who have noted a similar phenomenon 
in some, though not all, subjects after single intradermal injections of adrena- 
line or ACh, postulate that the effect is due to an inherent inhibitory action 
of the drugs or to locally produced metabolic end-products. Our experiments 
indicate that the depression can be diminished to some extent by simultaneous 
injections of atropine. Shelley, Horvath, Weidman & Pillsbury (1949) and 
Shelley e¢ al. (1950) have demonstrated that a variety of minor epidermal in- 
juries including iontophoresis, maceration, ultra-violet light and the applica- 
tion of chemicals to the skin may produce a long-lasting local anhidrosis. These 
injuries give rise to abnormal epidermal keratinization, with plugging of the 
sweat ducts and sweat-retention vesicles during intense sweating. The an- 
hidrosis develops after a variable period of from hours to several days following 
injury, with recovery after some days or weeks. These and many similar 
experimental observations indicate that the function of sweat glands may be 
impaired by procedures which affect the integrity of the skin. While sweat- 
retention vesicles were not observed during the anhidrosis, it remains possible 
that high concentrations of drugs may produce secondary changes in the 
sweat glands or ducts. From the cytological and histochemical work of 
Dobson, Formisano, Lobitz & Brophy (1958) it should be possible to detect 
such secondary changes if they occur. 

In conclusion, we postulate that two components are involved in the depres- 
sion of sweat-gland activity by large amounts of sudorific agents. First, 
there may be desensitization of the glands, the onset of which is rapid with 
slow recovery over many hours. Secondly, persistent local effects of the drug 
may result in an injury reaction which inhibits the normal function of the 
glands over a period extending to days or weeks after injection. 


EXCITATION OF SWEAT GLANDS 


SUMMARY 


1. The responses of eccrine sweat glands in the human forearm to intra- 
dermal injections of acetylcholine, methacholine, adrenaline and to indirect 
heating were investigated by the plastic impression method. 

2. Repeated administration of acetylcholine or methacholine in high con- 
centrations progressively reduced the number of glands which were active 


and their output; in low concentrations they did not. 


3. The drug-induced failure of sweating did not entail prolonged or intense 
secretory activity as in thermal sweat-gland ‘fatigue’. There was a partial 
recovery of response during 10 hr following the depression. 

4. The decline in activity following repeated injections did not appear 
to involve physical damage to the glands, increased intracutaneous pressure 
or local vascular impairment. 

5. Atropine prevented the subsequent failure of the sweat response, and 
neostigmine promoted the depression even by small amounts of acetylcholine. 

6. It is suggested that the sweat glands become accommodated or ‘de- 
sensitized’ to the action of sudorific drugs in high concentrations, 

7. The responses to intradermal injections of adrenaline were smaller than 
those evoked by acetylcholine or methacholine. The sudorific action of adrena- 
line appeared to be counteracted by its vasoconstrictor effect and the vaso- 
constrictor action intensified the depression produced by high concentrations. 

8. Single or multiple injections of acetylcholine, methacholine or adrena- 
line induced a local anhidrosis which was most marked after 1 or 2 days and 
which persisted for up to 3 weeks. 


We wish to record our thanks to Mr J. O. C. Willson for his co-operation as a subject in some 
experiments and for technical assistance. 


REFERENCES 
Barer, G. R. (1954). Quantitative measurements on spreading phenomena in skin. Brit. J. 
Pharmacol. 9, 346-351. 


Burn, J. H. & Ranp, M. J. (1958). Noradrenaline in artery walls and its dispersal by reserpine. 
Brit. med, J. i, 903-908. 

CuaLmers, T. M. (1950). = of Autonomic Drugs on Sweat Secretion in Man. M.D. Thesis, 
University of Edinburg 

Cuatmers, T. M. & Kern, ©. A. (1951). Physiological significance of the sweat response to 
adrenaline in man. J. ‘Physiol. 114, 510-514. 

Cuaumers, T. M. & Kwxxz, C. A. (1952). The nervous and chemical control of sweating. Brit. J. 
Derm. 64, 43—54. 


K. J., Sanaent, F. & Werner, J. 8S. (1958). Depression of forearm sweat gland responses 
by repeated intradermal injections of acetylcholine or acetyl-8-methylcholine. Physiologist, 
1, (4). 
ai J. M. & ayer S. (1941). The sweat response to drugs with nicotine-like action. 
J. Pharmacol. 73 
Daz, H. H. & Roc W. (1934). The chemical transmission of secretory impulses to the 
sweat glands of the cat. J. Physiol. 82, 121-128. 


39-2 


613 
5 
er 
d 
O- 
ng 
er 
le 
rs, 
ie, 
to 
7 
g 
yn 
n | 
d 
e 


614 K. J. COLLINS, F. SARGENT AND J. 8. WEINER 


Drannvser, P. & Lovart Evans, C. (1954). The effects of anticholinesterases on humoral trans- 
mission in the submaxillary gland. Brit. J. Pharmacol. 9, 441-458. 

Dosson, R. L., Formrsano, V., Losrrz, W. C. & Brorny, D. (1958). Some histochemical observa- 
tions on human eccrine sweat glands. III. The effect of profuse sweating. J. invest. Derm. 31, 
147-159. 

Dots, V. P., Statu, B. G. & Souwarrz, I. L. (1951). Methods for local induction and quanti- 
tative analysis of human sweat. Proc. Soc. exp. Biol., N. Y., 77, 412-415. 

Genre, 8. D. & Rosrnson, 8. (1946). Decline in the rates of sweating of men working in severe 
heat. Amer. J. Physiol. 147, 370-378. 

GranaM, A. R. & Stavraxy, G. W. (1953). Reversal of effects of chorda tympani stimulation, and 
of acetylcholine and adrenaline, as seen in the submaxillary gland of the cat. Rev. canad. 
Biol. 11, 446-470. 

Harmovicr, H. (1950). Evidence for adrenergic sweating in man. J. appl. Physiol. 2, 512-521. 

Heimann, K. (1955). Cholinesterase and amine oxidase in the skin: a histochemical investiga- 
tion. J. Physiol. 129, 454-463. 

Hunt, R. (1918). Vasodilator reactions. I. Amer. J. Physiol. 45, 197-230. 


Janow1rz, H. D. & Grossman, M. I. (1950). The response of the sweat glands to some locally 
acting agents in human subjects. J. invest. Derm. 14, 453-458. 


Katz, B. & Tuesierr, 8. (1957). A study of the ‘desensitization’ produced by acetylcholine at the 
motor end-plate. J. Physiol. 138, 63-80. 


Korrseona, 8. R. (1953). The action of nicotine and acetylcholine on the vessels of the rabbit's 
ear. Brit. J. Pharmacol. 8, 156-161. . 

Kuno, Y. (1956). Human Perspiration, p. 290. Springfield, Illinois: Thomas. 

Ranpaut, W. C. & Kimura, K. K. (1955). The pharmacology of sweating. Pharmacol. Rev. 7, 
365-397. 


Rosson, 8. & Roprnson, A. H. (1954). Chemical composition of sweat. Physiol. Rev. 34, 
202-220. 

Rorumay, 8S. & Coon, J. M. (1940). Axon reflex responses to acetylcholine in the skin. J. invest. 
Derm. 3, 79-97. 

Suetiey, W. B. & Horvarn, P. N. (1950). Experimental miliaria in man. II. Production of 
5% _— anidrosis and miliaria crystallina by various kinds of injury. J. invest. Derm. 


Suetiey, W. B., Horvatn, P. N. & D. M. (1950). Anhidrosis. An etiologic inter- 
pretation. Medicine, 29, 195-224. 

W. B., P. N., Werpman, F. D. & D. M. (1949). Experimental 
miliaria in man. I. Production of sweat retention anidrosis and vesicles by means of ionto- 
phoresis. J. invest. Derm. 11, 275-291. 

SonNENSCHEIN, R. R., Kosriy, H., Janowrrz, H. D. & Grossman, M. I. (1951). Stimulation and 
inhibition of human sweat glands by intradermal sympathomimetic agents. J. appl. Physiol. 
3, 573-581. 


Tuaxsex, J. H. & Sonwanrz, I. L. (1955). Fatigue'of the sweat glands. J. clin, Invest. 34, 

TueEsuerfF, 8. (1955). The mode of neuromuscular block caused by acetylcholine, nicotine, deca- 
methonium and succinylcholine. Acta physiol. scand. 34, 218-231. 

Tomson, M. L. & Surarman (1953). The identification and enumeration of active sweat 
—— _ man from plastic impressions of the skin. Trans. R. Soc. trop. Med. Hyg. 47, 

Wana, M., Arar, T., Takacaki, T. & Nakacawa, T. (1952). Axon reflex mechanism in sweat 
responses to nicotine, acetylcholine and sodium chloride. J. appl. Physiol. 4, 745-752. 


J. Physiol (1959) 148, 615-624 


THE EFFECT OF ARTERIAL OCCLUSION ON SWEAT-GLAND 
RESPONSES IN THE HUMAN FOREARM 
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(Received 24 April 1959) 


It is well known that obstruction of the blood supply to a sweating limb 
results in a diminution in the output of sweat (van Heyningen & Weiner, 
1952; Kuno, 1956) and a decline in the number of active glands (Randall, 
Deering & Dougherty, 1948). Changes also occur in the composition of sweat 
(Ladell, 1951; van Heyningen & Weiner, 1952). There is recovery of both 
output and composition when the occlusion is released after 30 min. 

The fact that the sweat glands respond to intense radiant heat during 
arterial occlusion suggested to Randall et al. (1948) that the ischaemic depres- 
sion was primarily an effect on the nerve endings and possibly axons of the 
sudomotor nerves and not a failure of the gland cells themselves. However, 
atropinized or denervated glands, both of which have been shown to be in- 
sensitive to acetylcholine, also respond to direct stimulation by radiant heat 
(Randall, 1947; Janowitz & Grossmann, 1950). The evidence of Randall 
et al. (1948) does not therefore preclude the alternative that during ischaemia | 
the nerve is still capable of producing transmitter but that the response of 
the gland cells ‘to the transmitter is reduced. Support for this alternative 
hypothesis appears in the paper by Sonnenschein, Kobrin, Janowitz & Gross- 
man (1951) who comment briefly on a diminution of the sweat-gland response 
to acetylcholine during arterial occlusion. In view of these conflicting theories 
experiments were undertaken in an attempt to clarify the nature and site of 
the failure of the sweating mechanism. A preliminary report on the results 
of these studies has previously been communicated (Collins, Sargent & Weiner, 
1958). 

METHODS 


The techniques employed have been fully described in the preceding paper (Collins, Sargent & 
Weiner, 1959). Experiments were conducted at laboratory temperatures of 21 +3° C on four male 
subjects. The activity of sweat glands on the forearm was measured by the plastic impression 


* Guggenheim Memorial Foundation Fellow. 
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method (Thomson & Sutarman, 1953). The arterial blood supply to the forearm was occluded by 
rapidly inflating a pneumatic cuff placed round the upper arm to a pressure above 200 mm Hg. 
The period of occlusion rarely exceeded 30 min. Temperatures were recorded by an oral thermo- 
meter and skin thermocouple. Two methods of sweat-gland stimulation were employed: (a) direct, 
by intradermal injections of acetylcholine or methacholine (acetyl-8-methylcholine) in 0-05 ml. 
normal saline (NaCl 0-9% (w/v)); and (6) indirect, by heating the lower legs in a water-bath at 
43-45° C. 
RESULTS 
The effect of occlusion on heat-induced sweating 

An experiment demonstrating the failure of heat-induced sweating during 
30 min of arterial occlusion is summarized in Fig. 1. The unoccluded arm 
exhibited the normal reaction to indirect heating (Collins et al. 1959). During 
the first 5 min of occlusion there was usually no decline in the number of 
active glands or the output of sweat as measured by the size of the perfora- 
tions in the sweat prints. On the contrary, if near-maximum numbers of 
glands were not active when the cuff was inflated, there was sometimes a 
slight initial increase in the number of active glands. As occlusion continued 
there was a gradual decrease in sweating. Complete disappearance of all 
gland activity rarely occurred and usually about 5-10°% remained by the end 
of 30 min occlusion. Full recovery took place within 1 or 2 min. A more 
dramatic reduction was seen if the blood supply was obstructed for a second 
period after the sweat glands had been allowed to recover for 20 min. 

Forearm skin temperature decreased by 3-05° C (s.p. 1-34) after 30 min 
occlusion without indirect heating and by 2-33°C (s.p. 0-85) with heating. 
Skin temperature changes on the unoccluded arm during the same time were 
—1-04° C (s.p. 0-67) without heating and +0-22° C (s.p. 0-90) with heating. 
Van Heyningen & Weiner (1952) have shown that the effect of ischaemia on 
the output of sweat is similar whether the skin temperature falls when. experi- 
ments are conducted im a cool environment or rises when the occlusion is applied 
in an environment well above skin temperature. 

Observations were also made on the activity of the palmar glands during 
ischaemia. These glands are known to react only to emotional stimuli (Kuno, 
1956). Impending injections or ischaemic periods evoked activity of palmar 
glands. This activity was depressed by occlusion. Palmar sweating was also 
elicited by immersing the legs in hot water, presumably as a result of emotional 
stimulation, and again there was a fall in the number of active glands during 
occlusion with rapid recovery afterwards. 


The effect of occlusion on drug-induced sweating 

Similar results were obtained when the blood supply was occluded after 
the sweat glands had been directly stimulated by doses of methacholine in 
concentrations ranging from 1 to 10 »g/0-05 ml. (Fig. 2). When high concen- 
trations (50-400 yg/0-05 ml.) of methacholine were employed, some differences 


RES 


Boa 


SWEAT RESPONSES DURING ISCHAEMIA 617 


8 


8 
' 


5 


Active sweat glands per. square centimetre 


10 20 30 50 60 70 80 90 
Indirect heating Time (min) 


40 


Fig. 1. Effect of arterial occlusion on sweat-gland activity in the forearm induced by heating the 
lower legs in a water-bath at 44° C (indirect heating). Occluded arm (@—@®); unoccluded 
arm (O—O). 
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Fig. 2. Effect of arterial occlusion on sweat-gland activity in the forearm induced by an intra- 
dermal injection of 10 ug methacholine (M) in 0-05 ml. Occluded arm (@—®); unoccluded 
arm (O—O). 
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between the effects of occlusion on heat-induced and on drug-induced sweating 
became evident. The decline in activity was more rapid when the glands were 
stimulated by large doses of drugs and often there was a complete absence of 
active glands before the end of occlusion (Fig. 3). The larger the dose admini- 
stered before ischaemia, the more profound was the ensuing decrease in activity. 


Occlusion 


8 


gob 

n i i j = i i 

M (wg) 40050 5 Time (min) 


Fig. 3. Comparison of the effect of arterial occlusion on sweat-gland activity induced by intra- 
dermal injections of 400 ug (@—@); 50 pg (O—O) and 5 wg (A —A\) methacholine {M) in 
0-05 ml. 


On release of ischaemia there was a prompt recovery, but even with the 
highest doses the pre-ischaemic values were not regained. No doubt this 
failure is attributable to the gradual diffusion or destruction of the drug, as 
shown in the unoccluded arm. The prompt recovery, however, indicated that, 
despite the presence of methacholine at a level adequate to stimulate the 
glands, there was a failure of response during occlusion. 


Responses to stimuli applied during occlusion 

In these experiments the sweat glands were stimulated either by drugs or by 
indirect heating during ischaemia and the response was compared with that in 
the unoccluded arm (Fig. 4). Indirect heating was usually applied somewhat 
earlier than injections of drugs because of the longer latency in response to 
heating. Ischaemia again greatly depressed the responsiveness of the glands 
both to indirect heating and to injections of 2 ug-2 mg acetylcholine or 0-01- 
400 zg methacholine. Once again the ischaemic depression tended to be more 
pronounced with high concentrations of drugs. In one of the subjects the 
activity of the glands was found to be only slightly depressed by 30 min 


arterial occlusion and the response to heat or drug stimulation during occlusion 
was almost equal to that in the control arm. 
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Occlusion a 


3 


5 


Occlusion direct heating (min) 
—-----p 


Active sweat glands per square centimetre 
&. 


i i L i i L 
2ug 2 yg Time (min) 
ACh ACh 
Fig. 4. Sweat-gland responses to (a) indirect heating and (b) an intradermal injection of 2 yg ACh 
in 0-05 ml. applied during occlusion (@—@), compared with responses in the unoccluded 
arm (QO—O). 


The effect of previous stimulation on the response during occlusion 

From the previous experiments one would expect that the response to test 
stimulation during occlusion would be influenced by the preceding treatment. 
When the glands were stimulated before ischaemia by heating alone, the 
ischaemic depression was, to a large extent, overcome by a test dose of 1 ug 
methacholine (Fig. 5a). If, however, in addition to heating, 1 ug methacholine 
was also injected before ischaemia, the test dose failed to prevent the depres- 
sion. In the same way, glands previously stimulated by 1 yg methacholine 
alone failed to respond to the 1 yg test dose (Fig. 5b). Clearly the ischaemic 
depression was intensified by the presence of even small concentrations of the 
drug before occlusion, whereas pre-heating did not have this effect. Pre- 
treatment with drugs did not appear to involve more intense glandular activity 
than with heating since 1 »g methacholine and indirect heating produced 
similar responses in terms of the number of active glands and output. It was 
also found that the response to the test dose during ischaemia was the 
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same whether indirect heating had previously been applied for 30 or for — 


90 min. 

In further experiments the size of both stimulating and test doses was 
increased. The effectiveness of a test dose (50 ug methacholine) in overcoming 
the depressant effect of ischaemia was progressively reduced and finally 
completely blocked as the pre-ischaemic stimulating dose was increased from 
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Fig. 5. Effect of previous stimulation on the sweat-gland response to a 1 yg test dose of methacholine 
(M) injected during arterial occlusion. The glands were stimulated before ischaemia (a) by 
1 wg methacholine in 0-05 ml. in addition to indirect heating (O—0O); indirect heating only 
(@—@®), and (b) by 1 wg methacholine in 0-05 ml. without heating (O—O); no treatment 
(@—®). 


1 to 20 wg methacholine (Fig. 6). When the occlusion was released, the recovery 
was uniformly good. When, however, still larger doses were used to stimulate 
and test the glands (e.g. 200 ug methacholine), recovery after ischaemia was 
impaired (Fig. 7). 

Investigations were also made on the effects of testing pre-treated glands by 
indirect heating during ischaemia. Responses to heating were elicited when 
small (1-10 ug) doses of methacholine were injected beforehand but again 


there was little or no response to heating when 200 ug methacholine was 
previously administered. 


DISCUSSION 


Investigators of the effects on sweating of obstructing the blood supply agree 
that sweat secretion diminishes progressively and recovers when the circula- 
tion is restored to the limb after approximately 30 min (Randall et al. 1948; 
Ladell, 1951; van Heyningen & Weiner, 1952; Kuno, 1956). It has also been 
claimed (Kendall & Luchsinger, 1876) that sweat responses can be evoked 
by nerve stimulation in the paw of the dog or cat for the first quarter of an 
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hour after amputation. Our own results show that it is possible to reactivate 
sweat glands to some extent by intradermal injections of acetylcholine or 
methacholine even towards the end of a 30 min period of ischaemia. The degree 
of vascular impairment no doubt plays a part in determining the extent of 
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Fig. 6. Sweat-gland responses to a test dose of 50 ug methacholine (M) in 0-05 ml. during arterial 
occlusion after (a) no previous treatment; and (6) 1 yg, (c) 10 yg, and (@) 20 wg methacholine 
in 0-05 ml. injected intradermally before ischaemia. All four experiments on one subject. 


the depression. For example, Kuno & Kashiwabara (1937) contend that sweat- 
ing oceurs for more than 1 hr in the wheal produced by an intradermal injec- 
tion of adrenaline and in the presence of obvious blanching. Barcroft, Bonnar, 
Edholm & Effron (1943), on the contrary, report that intense vasoconstriction 
following iontophoresis of adrenaline in the forearm is associated with com- 
plete absence of sweating. 
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Our results lead us to the conclusion that the depression of activity during 
occlusion involves a loss of responsiveness of the gland cells themselves to 
transmitter substance and that there is not necessarily a failure of nerve 
conduction as suggested by Randall et al. (1948). In support of their view, 
these workers quote the results of Wright (1947) who found that excised, mixed, 
mammalian nerve fibres show a profound reduction in the size of action 
potentials after 20 min of anoxie. This evidence does not appear to be a sound 
basis for reasoning that a similar depression occurs in the intact sudomotor 
nerves during ischaemia. Indeed, Lewis, Pickering & Rothschild (1931) 
found that during 35-40 min of ischaemic paralysis of the upper limb in man, 


T 


3 


20r 


i aA 
10 20 30 40 90 
200ug™ Time (min) 
Fig. 7. Sweat-gland responses to a test dose of 200 ug methacholine (M) injected intradermally 


during arterial occlusion following a stimulating dose of 200 pg methacholine before ischaemia. 
Occluded arm (@—@®); unoccluded arm (O—0O). 
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sympathetic vasomotor and pilomotor nerves appear to be particularly 
resistant to loss of blood supply. Sudomotor nerves of the same C fibre 
category might similarly be expected to retain their function during occlusion. 
The results of our investigations indicate an equivalent reduction in the 
number of active glands in ischaemia, whether sweating is produced by 
indirect heating or by direct stimulation with small amounts of drugs. With 
indirect heating we cannot attribute the failure to the nerve or to the gland 
cell alone, but from the results with direct stimulation it follows that the 
depression must at least be partly in the gland itself. The test doses used to 
elicit responses during ischaemia are well below the doses required to ‘de- 
sensitize’ the glands (Collins et al. 1959). 

One remarkable difference between our experiments on heat-induced 
sweating and those of Randall et al. (1948) is the extent of the recovery after 
occlusion. We have always observed prompt recovery within 1-2 min, 
whereas Randall et al. found that when sweating was produced by exposure 
to an environment of 31-32° C the depression continued for a further 17 min 
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after release of occlusion. In hot-room experiments, Kuno (1956) reported 
rapid recovery after ischaemia when sweating was profuse and continued 
depression when sweating was only moderate. It is therefore probable that, 
in our experiments, sweating was produced by a stronger heat stimulus than 
that used by Randall et al. 

The ischaemic depression of heat-induced sweating appears to be incom- 
plete, because the glands can be restimulated to some extent during ischaemia 
by test doses of drugs. This also applies to sweating evoked by small (1-10 yg) 
doses of acetylcholine or methacholine. The presence of larger doses before 
ischaemia intensifies what may be termed the ischaemic block, and test 
doses then are ineffective. Large doses may not only render the glands refrac- 
tory to stimulation during the occlusion but also impair recovery afterwards. 
In a previous paper Collins et al. (1959) report that repeated large doses of 
methacholine or acetylcholine depress sweat-gland activity; the glands 
apparently become progressively desensitized to the action of the drug. The 
problem which now arises is whether the ischaemic block is of the same nature 
as this desensitization or whether the two processes differ. It is clear that they 
reinforce one another, in that doses not large enough to cause desensitization 
are potent in enhancing ischaemic block. Desensitization itself does not in- 
volve a concomitant reduction of blood flow and it occurs regularly in the 
presence of vasodilatation (Collins et al. 1959). Secondly, the effect on the 
sweat composition is different in the two cases. The sodium concentration 
of sweat in drug-induced depression (Dole, Stall & Schwartz, 1951) does not 
increase, as it does in the later stages of ischaemia. More biochemical studies 
are, however, required on this point as the results at present available are 
limited. Thirdly, if ischaemic depression represents intrinsically a process of 
desensitization by progressive accumulation of transmitter it is surprising 
that small test doses should in fact increase sweat-gland activity and not 
enhance the depression. That the ischaemic effect could be independent of 
desensitization is suggested by the results of previous experiments with 
adrenaline (Collins et al. 1959). Here the extreme vasoconstriction itself appears 
to be the likely cause of the depression. 

Although the evidence so far is not conclusive it seems to us likely that the 
ischaemic depression is different from desensitization. The finding that 
moderately large doses, insufficient to cause desensitization, enhance the 
ischaemic block may possibly be interpreted as a facilitation of desensitization 
brought about by a higher concentration of drug at the sweat-gland receptor 
sites when the local circulation is immobilized. This interpretation would be 
in aceord with the poor recovery of the ischaemic glands in the presence of 
moderately large doses (Fig. 7). The enhancement of desensitization by arterial 
occlusion is analogous to that seen when adrenaline is combined with acety]- 


choline (Collins et al. 1959). 
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SUMMARY 


1. After stimulation by indirect heating or intradermal injections of acetyl- 
choline or methacholine the activity of eccrine sweat glands in the forearm 
decreased progressively during 30 min of arterial occlusion. There was prompt 
recovery after release of occlusion. 

2. The responses to direct or indirect stimulation applied during ischaemia 
were smaller in the occluded than in the unoccluded arm. It is concluded that 
the depression of sweating was at least partly due to a loss of responsiveness of 
the sweat-gland cells to transmitter. 

3. The extent of the ischaemic depression after drug-induced sweating 
depended on the amount of drug injected; high concentrations rendered the 
sweat glands refractory to further stimulation during ischaemia and impaired 
recovery afterwards. 


We wish to express our thanks to Mr J. O. C. Willson for his participation as a subject in these 
experiments and for technical assistance. 
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THE VASCULAR RESPONSES OF THE RAT DURING 
THE REPRODUCTIVE CYCLE 


By SYBIL LLOYD 
From the Department of Physiology, University of Edinburgh 
(Received 20 May 1959) 


It has been shown that the effects of certain vasoactive substances such as 
adrenaline and posterior pituitary extracts may be modified by varying 
the ovarian hormone concentrations in the body (Byrom 1938; Reynolds 
1952; Boxill & Brown 1955). Certain practical considerations are implicit 
in these results, and it was decided to examine further the effects of oestrogens 
and progesterone on vascular responses to constrictor and dilator substances. 
Vasopressin was used as the chief exemplar of a constrictor drug. When it was 
found, as described below, that oxytocin could be either dilator or constrictor 
according to circumstances, attention was also given to this substance. Some 
study was also made of the action of acetylcholine, this being a naturally 


occurring dilator substance. 
METHODS 

The experiments were made on rats, anaesthetized with intraperitoneal sodium pentobarbitone 
5 mg/100 g body weight. Animals of approximately 200 g body weight were used, and all doses 
mentioned are calculated as for this weight. Two experimental methods were used, either singly 
or together; in the first the arterial blood pressure was recorded on a kymograph from the can- 
nulated carotid artery, and in the second the blood vessels of the mesoappendix were directly 
observed in the manner described by Chambers & Zweifach (1944). When the first method was 
used test drugs in 0-3 ml. NaCl solution 0-9% (w/v) were injected into a cannula inserted in the 
femoral vein; when the mesoappendix preparation was used drugs were either injected intra- 
venously or applied topically. Ovariectomy was performed aseptically under ether anaesthesia. 
Vaginal smears were stained with Leishmann stain. 

The ovarian hormone preparations used were stilboestrol dipropionate and Progestin, both in 
oil, from British Drug Houses; they were injected subcutaneously 24 hr or more before observa- 
tions were made. The vasopressin used was du Vigneaud’s highly purified natural substance 
(though Parke Davis’s Pitressin was occasionally employed), and the oxytocin was the synthetic 
brand Syntocinon (Sandoz). 

RESULTS 


Normal rats 
The results in this group were intended to provide the control responses with 
which those of other groups could be compared, but individuals differed 
widely as to the minimal effective dose, and in some animals the response 
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seen was even the opposite of that found in the majority. Thus, on giving 
intravenous vasopressin (or Pitressin), eight males and fifteen females always 
responded with a rise in blood pressure, but the minimal effective dose varied 
from 0-05 to 0-5 m-u.; the dose needed to induce a given rise in blood pressure 
showed the same order of variability (Fig. 1). In each case the mesenteric 
arterioles and capillaries were constricted by the minimal pressor dose, but 
were unaffected by smaller doses. Constriction of the mesenteric vessels 
occurred regularly when the drug was applied topicallly in a concentration 
of 0-25 m-u./ml. On giving oxytocin intravenously, in the same eight males, 
and in fourteen out of seventeen females tested (these include the fifteen 
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Fig. 1. The effect of intravenous administration of 0-3 m-u. vasopressin on the blood pressure 
of the diocestrous (A) and oestrous (B) rat. Time marker, 10 sec. 


tested with vasopressin as described above) there was no change in blood 
pressure with doses of from 2 to 100 m-u. (Fig. 2A). The remaining three 
females showed a pressor response to 10-20 m-u. or more (Fig. 2B). The 
mesenteric vessels were constricted in the three animals in which oxytocin was 
pressor, and dilated in those in which there was no effect on the blood pressure ; 
the minimal effective intravenous dose for either the dilator or the constrictor 
responses varied from 10 to 30 m-u. Topical application of oxytocin to the 
mesenteric vessels in concentrations of 50 m-u./ml. or more produced the 
same effect on them as that obtained by intravenous administration. 

In these experiments no account had been taken of the phase of the re- 
productive cycle in the females. When vaginal smears were examined before 
observations on a further group of nineteen females, it was found that oxytocin 
was pressor and constrictor at the time of oestrus, but at all other times in 
the cycle it was dilator for the mesenteric vessels, and had no effect on the 
blood pressure (Fig. 2 and Table 1). Vasopressin was pressor and constrictor 
at all times, but the pressor response to a given dose was greater at the time 
of oestrus than at other times (Fig. 1). These effects were seen repeatedly in 
each preparation, and showed no hint of tachyphylaxis. Clearly it was neces- 
sary that some observations should be made on ovariectomized rats. 
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B.P. (mm Hg) 


Fig. 2. The effect of intravenous administration of oxytocin on the blood pressure of the 
dioestrous (A) and oestrous (B) rat. Doses in m-u.; time marker, 10 sec. 


Tass 1. The vascular effects of posterior lobe hormones in normal female rats, with 
reference to the phase of the oestrous cycle 


Effect on blood pressure; no. Effect on mesoappendix 
' of rats showing vessels; no. of rats showing 

Phase of Total no — 

cycle | of rats Rise No effect Constriction Dilatation 
Oestrus 6 spe 
Vasopressin — 6 0 6 0 
Oxytocin — 6 0 6 0 
All other stages 13 — — — ane 
asopressin -- 13 0 13 0 
Oxytocin ~- 0 13 0 13 


Ovariectomized rats 
Sixteen rats were ovariectomized, and taken serially in order to observe 
the vascular responses to oxytocin and vasopressin. In all cases oxytocin had 
no effect on the blood pressure, but vasopressin always had a pressor action. 
However, there was a variation, with time after operation, of the threshold 
intravenous dose of oxytocin to give a dilatation of the mesenteric vessels, 
and of vasopressin to give a constriction, or a rise in blood pressure (Fig. 3). 


For the first two days after ovariectomy the threshold doses were the same 
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as in the intact dioestrous animals, namely 25-30 m-u. for oxytocin, and 
0-2 m-u. for vasopressin; then from the third day to the sixth or seventh the 
threshold dose of oxytocin was decreased by a factor of approximately 5, to 
5 m-u., while that of vasopressin was increased by a similar amount to 1-0 m-u. 
The dose values then returned to normal dioestrous levels, and tests made on 
two animals on the 20th and 21st days after operation showed similar thres- 
holds. (These last determinations are not shown on the graph.). Figure 4 shows 
the dose of vasopressin required to produce a rise in blood pressure of 10 mm Hg 
over a period of 11 days after ovariectomy. 


30r 


10F 


Oxytocin (m-u.) 


Vasopressin (m-u.) 


Days after ovariectomy 
Fig. 3. The threshold doses of oxytocin and vasopressin affecting the calibre of mesenteric 
vessels of the rat before (N) and after ovariectomy. 


Effect of administration of ovarian hormones to normal rats 

Table 2 shows the responses of nineteen female and nine male rats to oxy- 
tocin after administration of stilboestrol with or without progesterone, and of 
progesterone alone. At first animals were treated with various doses of ovarian 
hormones, but it was found that clear-cut responses were obtained only after 
giving at least 3-5 ug of stilboestrol/100 g rat, and 90 ug of progesterone/ 
100 g rat. Unless the contrary is stated all results described are from animals 
which had received these doses of ovarian hormones. It was immaterial on 
which day of the reproductive cycle the hormones were given, and increasing 
the doses above these levels did not affect the result. In the females, on the 
day fellowing the administration of either stilboestrol alone or progesterone 
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alone, a pressor and constrictor response was seen with doses of oxytocin 
which had in untreated rats been dilator to capillaries and without effect on 
the blood pressure. On the second day and thereafter the pattern of response 
reverted to the dioestrous type; i.e. no effect on blood pressure, but a dilata- 
tion of the mesenteric vessels. In all the nineteen treated female rats the 
pressor response to vasopressin was enhanced whenever the response to 
oxytocin was pressor. For instance, a 10 mm Hg rise in blood pressure which 
had in dioestrous animals required 0-4 m-u. vasopressin, now occurred when 
0-1-0-2 m-u. was injected. Four animals received both stilboestrol and 
progesterone. The oestrous type of response was obtained in two of them and 
the dioestrous type in two; the type of response obtained was not related to 


« 


45+ 
3 10+ 
nel 
05 


i i i i i i A iL 4 


Days after ovariectomy 


Fig. 4. The intravenous dose of vasopressin required to increase the blood pressure of the 
rat by 10 mm Hg before (N) and after ovariectomy. 


TaBLE 2. The effect of ovarian hormone on the blood-pressure responses to oxytocin in 
normal male and female rats 


Days after Response to oxytocin 
hormone A 
administration No. of rats Sex Pressor No effect 
Stilboestrol 
l 5 F 5 0 
3 M 3 0 
2 2 F 0 2 
3 l F 0 1 
Progesterone 
l 5 F 5 0 
3 M 1* 2 
2 2 F 0 2 
Stilboestrol + 
rogesterone 
" l 4 F 2 2 
3 M 3 0 


* Slight positive response to large doses. 


= 
40-2 


630 SYBIL LLOYD 


the stage of the cycle at which the ovarian hormones were administered, and 
the reason for the absence of uniformity is not known. Of the nine males 
tested, three treated with stilboestrol, and three given stilboestrol and pro- 
gesterone (in the same doses as those used for the females) responded to vaso- 
pressin and oxytocin like oestrous females, but in the three animals treated 
with progesterone alone a pressor response to oxytocin was obtained in only 
one, and then only when large doses of oxytocin were injected (above 100 m-u.) 


Effect of administration of ovarian hormones to ovariectomized rats 
In the nine female rats observed the results differed from those obtained in 
normal animals (Table 3). The administration of neither stilboestrol nor 
progesterone alone caused the oestrous type of response, but when the two 
hormones were given together in the same doses as were used for normal 
animals, a pressor response to 10 m-u. or more of oxytocin was present on the 


TaBLE 3. Type of blood pressure response to oxytocin in ovariectomized rats 24 hr after 
treatment with ovarian hormones 


Response to oxytocin 
Hormone given No. of Pressor No effect 
Stilboestrol 2 0 | 2 
Progesterone 2 0 2 
Stilboestrol + 
progesterone 5 5 0 


following day. On this day also there was an enhanced pressor response to 
vasopressin. Thus 0-1—0-2 m-u. vasopressin instead of 0-4 m-u. was needed to 
cause a 10 mm Hg rise in blood pressure. 


Responses to other test substances 


In nearly all animals in the different series, acetylcholine was also used as a 
test drug. Rats in all groups showed an unchanging depressor response to 
this substance. 

DISCUSSION 


Although the pressor action of vasopressin is well recognized, the vascular 
effects of oxytocin are less well known. Oxytocin is depressor in the bird, but 
mammalian studies have usually shown no effect on the blood pressure, 
though Van Dyke, Adamson & Engel (1955) reported a pressor action from 
doses of 300 m-u. or more in the rat, and Berde, Doepfner & Konzett (1957) 
noted a pressor response in the spinal cat. The present work shows that 
in rats in the dioestrous state small doses of the hormone induce a dilatation of 
some vascular beds, though this is not reflected in the blood pressure records. 
Similar doses given during oestrus have a constrictor and pressor action. 

The results described confirm that varying tissue levels of ovarian hormones _ 
may effect the responses evoked by the administration of vasoactive substances. 
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Reynolds (1952) stated that human beings treated with oestrogens were more 
than usually sensitive to the pressor action of whole posterior-pituitary 
extract, but this observation does not indicate whether one or both hormonal 
components are involved. The results described here suggest that, in rats 
at least, the response to both may be affected by the administration of 
ovarian hormones, and further that such changes in response occur naturally 
during the reproductive cycle in these animals. Boxill & Brown (1955) found 
an increased pressor response to adrenaline in dogs with intact ovaries, in 
which artificial oestrus was induced by oestradiol, and concluded that the 
presence of progesterone was a necessary factor in the augmentation of re- 
sponse. This appeats to be true for rats, at least for females, where after 
ovariectomy both ovarian hormones were necessary for the induction of the 
oestrous type of vascular response, whereas in rats with intact ovaries (pre- 
sumably releasing both oestrogen and progesterone) the administration of 
either ovarian hormone alone was sufficient. In normal male rats progesterone 
alone was ineffective, but stilboestrol, either alone or in combination with 
progesterone, led to the appearance of the responses typical of the oestrous 
female. (Why this type of response was not found in two of the normal females 
given both stilboestrol and progesterone is not known.) 

The results after ovariectomy showed that for a few days, at least, the 
responses to oxytocin and vasopressin were again altered, and, as might be 
expected, in the opposite way from that produced by high levels of ovarian 
hormone. The dilator effect of oxytocin was greater than normal, and the 
pressor action of vasopressin depressed. Why the type of response obtained 
should revert after some days to that shown by normal dioestrous females is 
not known. ‘Blank’ abdominal operations in five rats caused no variation in 
response to posterior-lobe hormones over a period when such changes were 
maximal in ovariectomized rats. 

The range of normal blood pressure found in the experimental animals 
varied little between the different groups, and cannot therefore be the reason 
for the differences in response. How far variations in response were the result 
of an altered state of the peripheral vasculature, and how far they were modi- 
fied by cardiac and other central mechanisms, will form the subject of a further 
communication. At present it can only be said that, in the rat at least, the 
responses to some vasoactive substances may be greatly affected by the ovarian 
hormones, and this should be borne in mind when using female rats for 
investigations involving vascular responses. 
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SUMMARY 


1. Observations were made on the effects of ovarian hormones on the 
vascular responses of rats to oxytocin, vasopressin and acetylcholine. 

2. In female rats, oxytocin, which was usually dilator to the mesenteric 
vessels, and without effect on the blood pressure, had a pressor and constrictor 
action during the period of natural oestrus, and temporarily after administra- 
tion of stilboestrol or progesterone. Vasopressin had a pressor action greater 
than normal at these same times. The response to acetylcholine showed no 
such variation. 

3. Ovariectomy caused a temporary increase in dilator response to oxy- 
tocin, and a reduction in the pressor action of vasopressin. 

4. In male rats oxytocin dilated the mesenteric vessels, and did not affect 
the blood pressure; after administration of stilboestrol and progesterone or 
stilboestrol alone the male rats, like oestrous females, showed vasoconstriction 
and a pressor response. 


My thanks are due to Dr Mary Pickford for her interest and advice during the course of this 
work, which formed part of a thesis for the degree of M.Sc. of the University of Edinburgh, and 
was undertaken during the tenure of a Muirhead Research Scholarship. The purified vasopressin 
was some of that kindly supplied to Dr Mary Pickford by Dr V. du Vigneaud. 
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EXCITATION OF CHOLINERGIC VASODILATOR NERVES TO 
HUMAN SKELETAL MUSCLES DURING EMOTIONAL STRESS 


By D. A. BLAIR, W. E. GLOVER, A. D. M. GREENFIELD anp 
I. C. RODDIE 


From the Department of Physiology, The Queen’s University of Belfast 
(Received 22 May 1959) 


There is abundant evidence for the existence of cholinergic vasodilator fibres 
to the skeletal muscle in animals (Biilbring & Burn, 1935; Eliasson, Folkow, 
Lindgren & Uvniis, 1951; Uvnis, 1954). In anaesthetized cats these fibres 
have been stimulated by electrodes inserted into the brain and, particularly, 
into the motor cortex (Folkow & Gernandt, 1952; Lindgren, Rosén, Strandberg 
& Uvniis, 1956). The fibres and their central connexions do not appear to be 
involved in baroreceptor or chemoreceptor reflexes (Folkow & Uvnis, 1948; 
Frumin, Ngai & Wang, 1952, 1953; Lindgren & Uvniis, 1954) and the effective 
physiological reflex stimulus has not been discovered. However, Abrahams 
& Hilton (1957) have recently shown that stimulation by electrodes, implanted 
into places in the brain stem which discharge these fibres in the anaesthetized 
cat, also provokes the ‘flight or fight’ reaction in conscious cats. It is therefore 
possible that the emotional stress associated with flight or fight may stimulate 
the vasodilator nerves. 

In man the only evidence for the existence of vasodilator fibres to skeletal . 
muscle comes from the experiments of Barcroft & Edholm (1945) on post- 
haemorrhagic fainting and it is not known if these fibres are used under more 
normal conditions of life. It has been known for a long time that emotional 
stress causes an increase in forearm blood flow (Wilkins & Eichna, 1941). 
This increase has been generally believed to be mainly due to the release of 
adrenaline (Golenhofen & Hildebrandt, 1957), although Wilkins & Eichna 
had claimed that sympathetic nerves contribute to it. The present experi- 
ments suggest that cholinergic vasodilator fibres to skeletal muscle contribute 
to the response, and it seems likely that such fibres are activated by the 
emotional experiences of everyday life. 
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METHODS 


The experiments were carried out on male pre-clinical medical students, and on one female and 
four male patients from whom the stellate ganglion on one side had been removed as treatment 
for Méniére’s disease. The subject, wearing normal indoor clothing, lay on a couch in a laboratory, 
the temperature in which was maintained constant in the range 18-22° C. Forearm blood flow 
was measured by venous occlusion plethysmography, with the water-filled, mechanically stirred 
plethysmograph described by Greenfield (1954), the water temperature being 35°C. In some 
experiments hand and calf blood flows were also measured simultaneously, by means of 
plethysmographs maintained at 32° and 35° C respectively. Changes in skin and muscle blood 
flow in the forearm were estimated from changes in the O, saturation of samples of superficial and 
deep venous blood (Roddie, Shepherd & Whelan, 1956). The pressure in the brachial artery was 
measured through a needle connected to a capacitance manometer. In some experiments the 
radial, median and ulnar nerves were blocked above the elbow with 3% ethocaine hydrochloride 
containing 0-002% adrenaline, as described by Roddie, Shepherd & Whelan (1957a). In other 
experiments the cutaneous nerves were blocked at the elbow as described by Edholmi, Fox & 
Macpherson (1957). In six experiments atropine 0-1 mg in 4 ml. saline was infused through an 
indwelling needle into the brachial artery of one arm each minute for a total of 4 min. This dose 
has been found to block the vasodilator activity of acetylcholine infused intra-arterially into the 
same arm at the rate of 20 ~g/min; it also depresses, in the ipsilateral but not the opposite arm, 
the vasodilatation in the skin during body heating (Roddie, Shepherd & Whelan, 19575). 

Stressing stimuli. For the present purposes we were interested in obtaining large responses 
rather than in the character and reproducibility of the emotional stimuli, and various stimuli 
were used. Before the experiments the subjects were told about the proposed measurements and 
injections, but they were not told that they would be emotionally stressed, since surprise was 
often an important feature of the stress. After the experiments a full explanation was given and 
the subjects were asked not to divulge this to other subjects. 

Periods of emotional stress lasting 2-3 min were produced by the following stimuli. (1) The 
subject was told that he would shortly be examined orally in physiology or that he would be 
tested in mental arithmetic. He was then kept in suspense for 2-3 min before being told that 
the test would not be applied, and that he could relax. (2) Some of the medical students were 
given a gruelling oral examination in physiology, and were severely criticized each time they gave 
wrong answers and sometimes when they gave correct answers. (3) Some subjects were 
tested in mental arithmetic. This has been found by several investigators to be a convenient emo- 
tional stimulus, capable of causing a considerable cardiovascular disturbance (Grant & Pearson, 
1938; Abramson & Ferris, 1940; Figar, 1955; Golenhofen & Hildebrandt, 1957; Barcroft, Brod, 
Hayes & Hirsjarvi, 1958; Brod, Fencl, Hejl & Jirka, 1959). In our experiments the subject was 
asked to carry out a series of additions and subtractions of two- and three-digit numbers as quickly 
as possible in a dim or flickering light, with a metronome ticking, and with frequent distractions 
and criticisms. (4) The subject was asked to worry himself by thinking of unpleasant things. 
(5) In some of the experiments on the normal subjects a needle was inserted into the brachial 
artery for the recording of arterial pressure or the infusion of atropine. In other experiments, when 
arterial puncture was not necessary, a needle was inserted subcutaneously, and the subject was 
led to believe that this was in an artery. The insertion of the needle itself caused stress and an 
increase in forearm blood flow in some subjects. In each case time was allowed for the forearm 
blood flow to revert to resting level for several minutes. The subject was then deliberately frightened 
in the following way. The operators pretended that blood was leaking around the intra-arterial 
needle, that a haematoma was forming, and that there was a considerable loss of blood. By their 
conversation and demeanour they tried to indicate to the subject that they were worried and 
alarmed, and were thinking of abandoning the experiment. About half the subjects were hoaxed 
successfully; these became alarmed and some even complained of pain in the arm and throbbing 
in the head. After a few minutes the subject was reassured and consoled, and the real purpose of 
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the hoax was briefly explained. In every case anxiety was promptly relieved. Other subjects, 
some of whom were able to look at their arm and see for themselves that all was well, were not 
deluded by the acting and were not frightened. This particular stimulus, which is later referred 
to as ‘severe stress’ could, of course, be used only once for each subject. 


RESULTS 


In the experiment illustrated in Fig. 1, forearm and hand blood flow, arterial 
e and heart rate were measured during severe stress. The flow in the 
forearm reached 50 ml./100 ml./min, a level similar to that found immediately 
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Fig. 1. Effect of severe emotional stress on arterial pressure; heart rate A , forearm blood flow @ 


and hand blood flow ©. During the time represented by the rectangle it was suggested to 
the subject that he was suffering from severe blood loss. 


after severe exercise of the forearm muscles. Since there was no corresponding 
increase in arterial pressure the increase in flow was clearly due to vasodilata- 
tion in the forearm. 

It is well known that an intravenous infusion of adrenaline causes vaso- 
dilatation in the forearm (Grant & Pearson, 1938; Allen, Barcroft & Edholm, 
1946) and stress may cause release of adrenal medullary hormones (Cannon & 
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Britton, 1927). Thus the increase in forearm blood flow might be partly or 
wholly due to adrenaline. However, the response to stress seen in the present 
experiment differs from the response to intravenously administered adrenaline 
or adrenaline-noradrenaline mixtures in the following ways. (1) The size of the 
increase in forearm blood flow is greater than has to our knowledge been pro- 
duced by intravenous infusion of adrenaline in man (Barcroft & Swan, 1953). 
(2) Infusions of adrenaline which cause a much smaller increase in flow in 
the forearm cause a marked reduction in flow in the hand (Swan, 1951) not 
seen in the present experiment. (3) The changes in arterial pressure in the 
present experiment are quite unlike those seen during infusion of adrenaline 
(Goldenberg, Pines, Baldwin, Greene & Roh, 1948; Barcroft & Starr, 1951) or 
adrenaline-noradrenaline mixtures (de Largy, Greenfield, McCorry & Whelan, 
1950). (4) When an intravenous infusion of adrenaline is suddenly stopped 
the forearm flow takes 4—5 min to revert to resting level (Whelan, 1952), but 
in the present experiment the flow had returned very nearly to normal within 
30 sec, and completely within 1 min. 


Site of the vasodilatation 

In the experiment shown in Fig. 1 there was a great increase in the blood 
flow through the forearm, which is largely composed of muscle, but not through 
the hand, which is largely composed of skin. There were similar results in the 
five other experiments in which these measurements were made. In two of 
the latter experiments, the blood flow through the calf was also measured, 
and found to parallel that through the forearm. It is probable, therefore, that 
the vasodilatation was mainly in muscle. This suggestion was tested by making 
simultaneous observations on the oxygen saturation of the blood from super- 
ficial veins predominantly draining skin and from deep veins predominantly 
draining muscle (Fig. 2). At rest the blood from these veins differed in oxygen 
saturation, supporting the anatomical evidence for the differences in origin 
of the samples. During severe stress there was a marked rise in the oxygen 
saturation of the deep venous blood, paralleling the ehange in blood flow 
simultaneously recorded in the opposite forearm, but there was no change in 
the oxygen saturation of the superficial venous blood. Assuming that meta- 
bolism was unchanged, this indicates an increase in the blood flow through 


the muscle but not through the skin of the forearm. A second experiment on 
another subject gave a similar result. 


Role of vasomotor nerves 


Observations were made on five subjects from whom the stellate ganglion 
had been removed on one side as treatment for Méniére’s disease, and in whom 
_ there was no known abnormality of the blood vessels of the arm. The stressing 

stimulus was mental arithmetic. One of these experiments is illustrated in 
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Fig. 3. During the stress there was a large increase in blood flow in the normal 
forearm but there was little change in that through the sympathectomized 
forearm. The results of all the tests carried out on the five patients are sum- 
marized in Fig. 4. In nine out of the eleven tests the stress produced a greater 
increase in mean flow in the normal (average 3-6 ml./100 ml./min) than in the 
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Fig. 2. Oxygen saturation of blood from superficial forearm veins MM, and deep forearm veins (_) ; 
forearm blood flow in the opposite forearm @, During the time represented by the rectangle 
it was suggested to the subject that he was suffering from severe blood loss. 


sympathectomized forearm (average 0-8 ml./100 ml./min), and also a greater 
increase in peak flow in the normal (average 11-6 ml./100 ml./min) than in 
the sympathectomized forearm (average 7-7 ml./100 ml./min). In the re- 
maining two of the eleven tests there was no increase in mean blood flow on 
the normal side, but there were increases of 0-8 and 2-8 ml./100 ml./min on 
the sympathectomized side; we can offer no satisfactory explanation for these 
two anomalous results. In general, however, the observations suggest that 
sympathetic nerves play a part in the response. 

This suggestion is supported by the results of experiments on normal 
subjects in whom the median, radial and ulnar nerves to one arm had been 
blocked above the elbow with local anaesthetic solution. Five subjects were 
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exposed to one or more of the stimuli previously described, and the results of 
these experiments are summarized in Fig. 5. On all fifteen occasions the stress 
produced a greater increase in mean flow on the normal (average 5-0 ml./100 ml./ 
min) than on the nerve-blocked side (average 2-4 ml./100 ml./min), and also a 
greater increase in peak flow on the normal (average 9-0 m1./100 ml./min) than 
on the nerve-blocked side (average 5-4 ml./100 ml./min). These experiments 
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Forearm blood flow (mi./100 ml./min) 


Fig. 3. Effect of stress on blood flow through a normal, @, and a sympathectomized, O, forearm. 
During the time represented by the rectangle a mental arithmetic test was given. 


indicate that the response is partly dependent on fibres travelling with the 
deep nerves to the forearm. 

The following experiments suggest that the cutaneous nerves to the forearm 
are not involved in the response (Fig. 6). In four subjects the cutaneous nerves 
to one forearm were blocked with local anaesthetic. In the ten tests made in 
these experiments stress produced a similar increase in mean flow on the normal 
(average 3-5 ml./100 ml./min) and the nerve-blocked sides (average 3-4 ml./ 
100 ml./min). 

We conclude that nerves, which are interrupted by stellate ganglionectomy 
and are distributed with the deep somatic nerves, but not with the cutaneous 
nerves, to the forearm, contribute to the vasodilatation during stress. 
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Contribution of vasodilator fibres 
Figure 7 shows part of an experiment in which emotional stress was produced 
in a subject in whom the deep nerves to one forearm had been blocked with 
local anaesthetic. Before stress the blood flow was somewhat higher in the 
blocked forearm than in the normal. Over a period of 6 min a series of stres- 
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Forearm blood flow (mi./100 mi./min) 
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Fig. 4. The effect of sympathectomy on the increase in forearm blood flow during stress; sum- 
mary of results of eleven experiments on five subjects. The blood flow was simultaneously 
measured in a sympathectomized §& and a control (normal) forearm Z. The base of each 
rectangle shows the mean level of blood flow at rest, the top shows the mean level during 
stress and the circle shows the peak flow observed during stress. The symbols in the panel 
at the right of the diagram represent the average of all the results. 


sing stimuli was applied. At (1) a rabbit which had been dissected after 
death was produced, at (2) it was held close to the subject’s face and he was 
asked to smell it, at (3) the heart was opened and blood collected in a beaker, 
and at (4) he was asked to drink this blood. He was prepared to do this and 
opened his mouth in anticipation but the request was withdrawn. At (5) the 
stomach was opened, and he was offered a meal of stomach contents but again 
the offer was withdrawn, and at (6) he was told to relax. On three occasions 
during this period of stress the blood flow through the normal forearm ex- 
ceeded that through the nerve-blocked forearm, and on two of these occasions 
the difference was much greater than could be accounted for by errors of 
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measurement. Careful inspection of the plethysmographic record failed to 
indicate any muscular movements in the normal forearm which might have 
been responsible for increasing the blood flow. The difference between the blood 
flow in the normal and the nerve-blocked sides cannot be explained by humoral 
agencies, which presumably act symmetrically, nor by release of vasocon- 
strictor tone, which is presumably more nearly complete on the nerve- 
blocked. than on the normal side. It can, however, be readily explained by 
the activity on the normal side of vasodilator fibres which are partially or 
completely prevented from acting on the nerve-blocked side. 


Forearm blood flow (mi./100 mi./min) 


R.McW. H.McG. L.A. TS. JL. Average 


Fig. 5. The effect of blocking the deep nerves to the forearm on the increase in forearm blood flow 
during stress. Summary of the results of fifteen experiments on five subjects. nerve- 
blocked side; Z normal side; conventions as in Fig. 4. 


In the other nerve-block experiments (Fig. 5) the blood flow in the normal 
arm never exceeded that in the nerve-blocked arm by a convincing amount. 
The increase in blood flow in the normal arm could be explained, therefore. 
by a release of vasoconstrictor tone. It could also be explained by the addition 
of vasodilator activity to an unchanged level of vasoconstrictor activity in 
the normal arm. These other experiments therefore neither prove nor disprove 
the participation of vasodilator nerves. Only when very high levels of blood 


flow are attained, as is seen in Figs. 1, 2 and 7, can vasodilator activity be 
detected by this sort of experiment. 
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Fig. 6. Effect of blocking the cutaneous nerves to the forearm on the increase in blood flow 
during stress; summary of results of ten experiments on four subjects. E) nerve-blocked side; 
normal side; conventions as in Fig. 4. 


Forearm blood flow (ml./100 ml./min) 


0 2 4 6 8 
Minutes 
Fig. 7. Effect of blocking the deep nerves to the forearm on the increase in forearm blood flow 
during stress. The subject was stressed during the period represented by the rectangle; for 
detail of stimuli 1-6 see text. @, Nerve-blocked side; O, normal side. 
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Minutes 
Fig. 8. The effect of atropine on the increase in forearm blood flow during stress. Upper panel: 
response in the two forearms to two periods of anticipation of mental arithmetic (A and B) 


before atropine infusion. Lower panel: response to anticipation of mental arithmetic (C) 
and to a mental arithmetic test (D), after atropinization of the left (O) forearm. 
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Fig. 9. The effect of atropine on the increase in forearm blood flow during stress. The rectangle A 
represents the period of stress; at B the circulation to both forearms was arrested for 2 min. 
@ normal forearm; © atropinized forearm. 
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Activity of vasodilator nerves against a background of vasoconstrictor 
activity can, however, be demonstrated by the selective block of vasodilator 
nerves in one arm. Figure 8 shows the result of an experiment in which this 
was done. Mild stress was applied before and after atropine had been infused 
through an indwelling needle into one brachial artery. Initially the blood- 
flow responses in the two forearms were symmetrical. After the infusion of 
atropine the resting blood flow was equal in the two arms, although at a lower 
level than previously, but during emotional stress there was a very much 
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Forearm blood flow (mi./100 mi./min) 
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Fig. 10. Effect of atropine on the increase in forearm blood flow during stress; summary of 
results of sixteen experiments on six subjects; &) atropinized side, Z normal side; conven- 
tions as in Fig. 4. Values in the first experiment on T.G. were 10 ml./100 ml./min greater 
than those shown here above the breaks in the columns, and the peak flow on the normal 
side was 38 ml./100 ml./min. 


smaller response in the atropinized forearm than in the normal. Figure 9 
shows an experiment in which severe stress was applied. Again the response 
was much smaller on the atropinized side than on the normal side. It was not 
possible to test for symmetry of response before giving atropine in this experi- 
ment, because this type of stress is not repeatable. However, both before and 
after the infusion of atropine the resting levels of blood flow in the two arms 
were almost identical. There was also a symmetrical response after arrest of the 
circulation for 2 min. Figure 10 summarizes the results of these and fourteen 
other tests in which a wide range of stimuli was applied to six subjects. 
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In every experiment the response was smaller or absent on the atropinized 
side. The average increase in mean flow was 3-4 ml./100 ml./min on the atro- 
pinized side compared with 6-0 ml. on the normal, and the average increase 
in peak flow was 5:1 ml./100 ml./min on the atropinized side compared with 
8-7 ml. on the normal. It seems clear therefore that cholinergic vasodilator 
nerves contribute to this response. 


DISCUSSION 


There are three main problems concerning the mechanism of the vasodilata- 
tion observed in the forearm during emotional stress. (1) Is it in muscle or in 
skin? (2) Is it nervous or humoral? (3) If nervous, is it due to increased 
activity in vasodilator fibres or to reduced activity in vasoconstrictor fibres? 
To obtain simultaneous answers to all three questions in one experiment 


would facilitate interpretation, but would require an amount of interference — 


with the subject which we consider undesirable and perhaps unphysiological. 
Our experiments were therefore designed to answer one question at a time. 

In the experiments in which emotion caused an increase in the oxygen satura- 
tion of blood from the deep veins in the forearm there was no increase in the 
oxygen saturation of the blood coming from the veins draining the skin 
of the forearm. In experiments in which the forearm and hand blood flow 
were measured simultaneously only the blood flow in the forearm was increased 
by emotion. This evidence strongly suggests that the vasodilatation is mainly 
in muscle. Golenhofen & Hildebrandt (1957), using Hensel’s heated thermo- 
couples to measure skin and muscle blood flow during mental arithmetic, 
came to the same conclusion. 

The evidence suggests that the response is at least partly under nervous 
control. Although the vasodilatation was usually not abolished, it was much 
reduced on the side in which the nervous control of the vessels was inter- 
rupted by sympathectomy or deep nerve block. We are therefore in agreement 
with Wilkins & Eichna (1941), who found a nervous contribution to the in- 
crease in forearm blood flow during mental arithmetic. The residual vasodilata- 
tion in our experiments may have been due either to incomplete interruption 
of nervous pathways or to a humoral mechanism, or to both. It is difficult 
to estimate the humoral contribution, which may vary from subject to subject, 
and from one type of stimulus to another. 

The reduction in the response following the infusion of atropine into the 
brachial artery provides strong evidence for the participation of cholinergic 
vasodilator nerves. The residual vasodilatation may have been wholly or 
partly due to failure of the injected atropine to reach all the cholinergic nerve 
endings, as it is very unusual for substances injected into the brachial artery 
to be uniformly distributed to all the tissues of the forearm. For example, 
when histamine is injected in this way the flushing of the skin is patchy, and 


he 
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d some areas may not flush at all. Thus the contribution of cholinergic nerves 
)- may well have been greater than the reduction of the response by atropine 
e seems to indicate. 

h It is known that cholinergic vasodilator fibres supply forearm skin vessels 
r (Roddie et al. 19576). They are activated during body heating, and the 
vasodilatation is probably secondary to stimulation of the sweat glands 
(Fox & Hilton, 1958). If emotional stress causes sweating in the forearm 
this would presumably be associated with a vasodilatation in the skin which 
.- could be blocked by atropine. However, the response is not regularly affected, 


n and is on the average unaltered by blocking the superficial nerves which supply 
d the skin blood vessels and sweat glands. As an increase in skin blood flow was 
f not observed in any of the experiments in which it was sought, it seems most 
it unlikely that it occurred in each of the sixteen atropine experiments. We 
eo conclude, therefore, that the increase in forearm blood flow during stress is 
L. mainly due to activation of cholinergic vasodilator nerves to muscle. 

From the present experiments it would be difficult to say whether or not 
\- vasoconstrictor fibres to muscle also contribute to the forearm vasodilatation 
e during stress. These fibres, but not vasodilator fibres, normally participate in 
n certain baroreceptor reflexes both in man (Roddie, Shepherd & Whelan, 1957c, 
W 1958) and in animals (Lindgren & Uvniis, 1954). A variation in vasoconstrictor 
d activity during stress could only be excluded if the response to stress was 
y completely abolished in an atropinized forearm. This was the case in only two 
” experiments, and it would not be possible to draw firm conclusions from such 
C, meagre data. In the other atropine experiments we cannot distinguish between 


the contributions to the residual response of unblocked vasodilator nerves, 
constrictor nerves and humoral substances. To supply positive evidence for 


h release of vasoconstrictor tone during stress it would be necessary to show 
e- that selective block with a sympathclytic drug reduced the response, but we 
it have not tried this as yet. It seems, likely, however, that vasodilator fibres are 
oll active before vasoconstrictor tone is fully released, because there was evidence 
i of vasodilator activity at low levels of flow in the atropine experiments. We 
a cannot exclude, but have no reason to expect, a contribution from release of 
It vasoconstrictor tone to the response during stress. Animal experiments sug- 
t, gest that the vasomotor centres controlling vasoconstrictor and vasodilator 
fibres to muscle are anatomically and physiologically distinct; the vasocon- 
- strictor outflow participates in certain baroreceptor reflexes and the vaso- 
in dilator outflow in the circulatory adjustments to emotional stress. 
'y 1. Emotional stress was produced in medical students, and in subjects 
e, who had had a unilateral sympathectomy, by means judged likely to be most 


d effective for each individual. 
| 41-2 
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2. There was little change in arterial pressure, but a large increase in 
. blood flow through both forearm and calf, indicating vasodilatation in these 
regions. 

3. There was no consistent change in the total blood flow through the hand. 
There was an increase in the oxygen saturation of blood from the deep but 
not from the superficial forearm veins. These results suggest that the forearm 
vasodilatation occurs in muscle. 

4. The vasodilatation in the forearm was reduced and occasionally abolished 
in the nerve-blocked or sympathectomized forearm. 

5. The vasodilatation was always smaller in an atropinized forearm than 
in the control forearm, and occasionally was abolished. 

6. It is concluded that cholinergic vasodilator nerves to muscle contribute 
to the forearm vasodilatation during stress. 
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THE ABOLITION OF REACTIVE AND POST-EXERCISE 
HYPERAEMIA IN THE FOREARM BY TEMPORARY 
RESTRICTION OF ARTERIAL INFLOW 


By D. A. BLAIR, W. E. GLOVER anp I. C. RODDIE 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 5 June 1959) 


Following a period of circulatory arrest or exercise in a limb there is a period 
of hyperaemia. It has been pointed out by many workers that under certain 
conditions there is a close relationship between the duration of circulatory 
arrest or the severity of the exercise and the size of the subsequent hyperaemia 
(Freeman, 1935; Abramson, Katzenstein & Ferris, 1941; McArdle & Verel, 
1956; Coles & Cooper, 1959; Clarke & Hellon, 1959). However, many other 
workers have found that the relationship is by no means exact (Kichna & 
Wilkins, 1941; Dornhorst & Whelan, 1953; Patterson & Whelan, 1955; Wood, 
Litter & Wilkins, 1955; Patterson, 1956; Holling & Verel, 1957). The present 
experiments were devised to account for this apparent discrepancy. 


METHODS 


Experiments were performed on four healthy young men. The subjects wore normal indoor 
clothing, and lay on a couch in a laboratory maintained at 18—20° C. Both forearms were inserted 
into plethysmographs (Greenfield, 1954) maintained at 35° C, and throughout the experiment 
flows were recorded at 15 sec intervals. The subject rested for 30 min before any measurements 
were made. 

Reactive hyperaemia. An occlusion cuff which could be inflated to a pressure of 250 mm Hg 
was applied on top of the venous collecting cuff on each arm. After resting flows were recorded 
for 3 min the occlusion cuffs were inflated for a 5 min period. On release of the occlusion, flows 
were recorded for a further 10 min; for the first 45 sec of this period a lower pressure (30-40 mm Hg) 
was used in the collecting cuff (Eichna & Wilkins, 1941; Patterson & Whelan, 1955). This con- 
stituted a control run. The first experimental run commenced 10 min later. Previously the 
position of both brachial arteries in the antecubital fossae had been located and marked with a 
skin pencil. The procedure was the same as in the control run, but at the end of the occlusion 
period two fingers were placed on the brachial artery on one side and compression was applied so 
that the blood flow was prevented from rising above the previous resting level. The couch was 
arranged so that the person applying compression could see the plethysmograph record on the 
kymograph, and it was found that with a little practice it was possible to regulate the flow down 
the artery. In the first series of experiments this compression was maintained for the first 
5 min following circulatory arrest. Compression was then released and the flow measurements 
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continued for another 5 min. The second experimental run commenced 10 min later; this time 
the previous experimental arm became the control arm and vice versa. 

In the second series of experiments the brachial artery in one arm was compressed to restrict 
arterial inflow for various times immediately after circulatory arrest. During five experimental 
runs compression was applied for 1, 2, 3, 4 and 5 min respectively. 

Exercise hyperaemia. A similar set of experiments was carried out on the same four subjects 
using & 1 min period of rhythmic exercise of the forearm in place of the 5 min period of circulatory 
arrest. The exercise was standardized as far as possible by squeezing a rubber bulb connected 
to a water-filled burette to raise the water column a fixed height in time with a metronome. 
However, it was difficult to ensure that this type of exercise caused identical muscular activity 
in the two arms and in the same arm from time to time. 


RESULTS 
Reactive hyperaemia 
Figure 1 illustrates part of a typical experiment. Blood flow was measured in 
the forearms before and after bilateral arrest of the arm circulation for 5 min. 
After release of the circulation, reactive hyperaemia was allowed to proceed 


After occlusion for 5 min 
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Forearm blood flow (mi./100 ml./min) 


| Right artery compressed | 
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Minutes 
Fig. 1. The effect of restricting arterial inflow on reactive hyperaemia in the forearm. Left panel, 
before circulatory arrest. Right panel, after arrest of the forearm circulation for 5 min. 
During the period represented by the rectangle digital compression was applied to the right 
brachial artery to prevent the forearm blood flow rising above the previous resting level. 
@, left forearm; O, right forearm. 


normally on the left side. On the right side the blood flow was prevented 
from rising above the previous resting level for 5 min by digital compression 
of the brachial artery. When the compression was released there was no 
increase in blood flow; that is, there was no ‘repayment’ of the ‘debt’ incurred 
during the period of circulatory arrest. The same result was obtained when the 
left side was compressed, and the right side used as a control. When neither 
side was compressed the hyperaemia was of similar size in both forearms. 
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The results from all experiments of this type are shown in Fig. 2. The sizes 
of the black and white rectangles indicate the blood flow repayments following 
a 5 min period of arterial occlusion on the left and right sides respectively. 
The blood flow repayment has been calculated as the amount of blood flowing 
during the 10 min period following the release of the occlusion cuff in excess of 
the previous resting level. In the control runs in which arterial compression 
was not applied to either arm the repayments were reasonably symmetrical. 


Ore 


= 


Left artery compressed 


Blood flow repayment (mi./100 mi./min) 


0 
10 Right artery compressed 


Subject WEG SSJ GC LA 
Fig. 2. The effect of restricting arterial inflow on reactive hyperaemia in the forearm. The rec- 
tangles represent the size of the hyperaemia after arrest of the circulation for 5 min in the 
left (™@) and right (()) forearms. In the experiments illustrated in the top panel no arterial 
compression was applied. In those illustrated in the middle panel the left brachial artery 
was compressed for the first 5 min after circulatory arrest. In those illustrated in the lower 
panel the right brachial artery was compressed for the first 5 min after circulatory arrest. 


These are illustrated in the top panel. The experimental runs are illustrated 
in the lower panels. In four of these eight runs where the brachial artery on 
one side was compressed there was no increase in flow on release of compression ; 
in fact throughout the 10 min period after circulatory arrest the blood flow 
on the experimental side remained at a lower average level than the previous 
resting level. This is expressed as a ‘negative repayment’. In the other four 
experiments on release of compression there was a small rise above the resting 
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level, but it can be seen that this repayment was always small compared with 
that on the control side. 

Digital compression of the brachial artery might interfere with venous 
drainage from the forearm, causing venous congestion. This does not seem to 
have been the case since digital compression of the brachial artery did not 
cause any increase in the resting forearm volume; a small decrease was the 
usual finding. Inspection of the plethysmographic record showed that on 
release of the collecting cuff the limb volume rapidly returned to its resting 
level. There was no rise in venous pressure during compression in two experi- 
ments, in which venous pressure was measured with a capacitance manometer 
distal to the site of arterial compression. These findings indicated that com- 


Before After occlusion for 5 min 
30+ 
- 
E 
e' 
of ib 
0 2 0 10 


3 
Minutes 
Fig. 3. The effect of compressing the right brachial artery for 3 min; conventions as in Fig. 1. 


pression of the brachial artery did not cause venous congestion in the forearm 
and there was thus no reason for believing that the plethysmographic estima- 
tions of blood flow were not valid. 

Following a 5 min period of circulatory arrest the reactive hyperaemia is 
normally over in 2-3 min, but in some of the experiments described above 
a small hyperaemia was seen after 5 min of restricted arterial inflow. This 
suggested that the resting rate of blood flow on the compressed side might 
take longer to restore the forearm to its previous resting state than the in- 
creased rate of flow in the control arm. To investigate this point a second 
series of experiments was carried out. As before, forearm blood flow was 
measured before and after bilateral arrest of the arm circulation for 5 min. 
In six successive runs the arterial inflow was restricted in the experimental 
arm for 0, 1, 2, 3, 4 and 5 min respectively, immediately after release of the 
circulation. Figure 3 illustrates a run from one of these experiments. On 
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release of restriction after 3 min a small hyperaemia was seen in the experi- 
mental limb although at this time the blood flow in the control forearm had 
returned to its resting level. The hyperaemia was much smaller than that on 
the control side but it was still greater than that usually found after 5 min 


8 


(m1./100 mi./min) 
3S 


Blood flow repayment 


oO 


10 0 1 2 3 4 
” Duration of right arterial compression (min) 
Fig. 4. The effect on the size of the subsequent hyperaemia of restricting arterial inflow to the 
right forearm for various times after arrest of the circulation for 5 min. ™ size of the hyper- 
aemia in the control (left) and (1) experimental (right) forearms. 
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Blood flow repayment (7%) _ 
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Duration of compression (min) 
Fig. 5. The effect of restricting arterial inflow to the forearm for various times after arrest of the 
circulation for 5 min. The blood flow repayment in the compressed side is expressed as a 
percentage of that on the control side. O, Subject I.C.R.; 6, D.A.B.; A, W.E.G. 


of restricted inflow. The results from the complete experiment are shown in 
Fig. 4. There was some variation in the size of the repayments on the control 
side, but there was a progressive fall in the size of the repayments on the 
experimental side relative to those on the control side as the restriction time 
was increased. In Fig. 5 the repayment on the experimental side in this and 
two other such experiments is expressed as a percentage of that on the control 
side. The size of the repayment in the experimental limb gradually decreased 
as the compression time was increased and after about 5 min of such compres- 
lons was practically zero. It is apparent that following a 5 min period of 
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arterial arrest the resting level of flow can discharge the blood-flow debt pro- 
gressively over the next 5 min. It seems that the advantage of the high flows 


. of anormal hyperaemia is that the blood-flow debt is discharged in about half 


the time. 
Exercise hyperaemia 
The same type of result was obtained in similar experiments on post- 
exercise hyperaemia. Figure 6 illustrates one of the experiments of the first 
series. In this and in most of the experiments in this group, the exercise 


Before After 1 min exercise 
30 
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E 
= 
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E 
+ 
| Right artery compressed | 4 
2 0 5 10 


Minutes 

Fig. 6. The effect of compression of the right brachial artery on post-exercise hyperaemia in the 

forearm. Left panel, before exercise; right panel, after 1 min rhythmic exercise. Conventions 

otherwise as in Fig. 1. 
hyperaemia lasted about 4 min on the control side. Once again there was only 
a small hyperaemia on the experimental side when the restriction was re- 
leased after 5 min. The results from all the experiments in this series are shown 
in Fig. 7. In the control runs illustrated in the top panel arterial compression 
was not applied to either arm and the repayments were reasonably sym- 
metrical; but it can be seen by comparison with Fig. 2 that they were much 
greater than the repayments after 5 min of circulatory arrest. The experi- 
mental results are illustrated in the lower panels. In all but one of the eight 
runs the repayments were much smaller on the side where arterial inflow 
had been restricted. These results indicate that it is not necessary to have 
an increase in blood flow after exercise to repay the debt incurred during 
exercise. 

Figure 8 shows the effect of restricting the arterial inflow to the experi- 
mental limb for various times after exercise on the size of the repayment. 
Although the results of these three experiments were not as consistent as 
those of the reactive hyperaemia experiments, once again the size of the 
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repayment tended to decrease as the restriction time increased, though it was 
still not completely abolished after 5 min of restricted flow. It would seem 
that, had the compression been maintained for longer periods, the repayment 
might have been completely abolished. In the reactive hyperaemia experi- 
ments the blood flow on the normal side had returned to the resting level in 


No compression 
40 — 
20 
2 
£ 
=} 60 Left artery compressed 
E 4 
20 
50 
Right artery compressed 3 


Subject WEG LA GC SS! Duration of arterial compression (min) 
Fig. 7 Fig. 8 
Fig. 7. The effect of compression of the brachial artery on post-exercise hyperaemia in the fore- 
arm. The rectangles represent the size of the hyperaemia after 1 min rhythmic exercise in the 
left (@) and right (()) forearms. Top panel, neither artery compressed. Middle and bottom 


panels, left and right brachial arteries compressed respectively during the first 5 min after 
exercise. 


Fig. 8. The effect of restricting arterial inflow to the forearm for various times after rhythmic 
exercise of the forearm for 1 min. The blood flow repayment on the compressed side is ex- 
pressed as a percentage of that on the control side. Symbols for subjects as in Fig. 5. 


2-3 min, and there was little or no repayment after 5 min of restricted flow. 
After 1 min of rhythmic exercise, the hyperaemia in the normal side took 
4 min to subside; perhaps 8 min of restricted flow would have abolished the 
repayment. 


The effect of brachial artery occlusion on the circulation in the resting forearm 


When the brachial artery was occluded by digital compression (Fig. 6) there 
was an immediate reduction in the forearm blood flow. However, in spite of 
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compression maintained over the next 4 min the flow gradually increased to 
the previous resting level (Shepherd, 19506). When the compression was 


_ teleased there was no increase in flow above the resting level. Similar results 


were obtained in six other experiments on four subjects. On release of com- 
pression in one experiment there was a transient increase in flow above the 
resting level but this was small compared with the ‘debt’ incurred during 
compression. The results indicate that under resting conditions the blood flow 
through the forearm is considerably higher than that required to satisfy 
the metabolic needs of the tissues. The flow can be lowered considerably 
without causing any metabolic disturbance. 


10+ |_Left artery compressed 


Forearm blood flow 
(mt./100 ml./min) 
T 


or 


Minutes 
Fig. 9. The effect of brachial arterial compression on the blood flow in the forearm. Compression 
was applied to the left brachial artery during the period represented by the rectangle. O, 
left forearm; @, right forearm. 


DISCUSSION 


It is generally accepted that post-exercise hyperaemia is due to vasodilator 
metabolites produced during muscular contraction (Grant, 1938), and Hilton 
(1953) has found evidence that these metabolites act indirectly by initiating 
an axon reflex. There is less agreement however on the mechanism of reactive 
hyperaemia. One factor is believed to be the accumulation of metabolites which 
are normally washed away or destroyed by the circulation of the blood (Lewis 
& Grant, 1925). A second factor is thought to be the decrease in vascular tone 
that results from the fall in transmural pressure when the circulation is 
arrested (Bayliss, 1902; Folkow, 1949; Patterson, 1956). There is also some 
evidence that histamine may play a part in the hyperaemia after the circula- 
tion has been arrested for longer periods (Duff, Patterson & Whelan, 1955). 
The purpose of the present experiments, however, was not to investigate 
the mechanism of these two types of hyperaemia, but to study the relation- 
ship between the blood flow ‘debt’ during ischaemia or muscular exercise 
(the metabolic disturbance) and the size of the subsequent hyperaemia. 
As previously observed, some workers have found that there is a close rela- 
tionship, and the assumption that the size of the hyperaemia indicates the 
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degree of metabolic disturbance has frequently been made in the interpretation 
of results of experiments designed to investigate the mechanism of reactive 
or post-exercise hyperaemia. Others have found that the relationship is by 
no means exact, and in the present experiments we have found that after 
exercise or ischaemia, the ‘debt’ can be discharged without the appearance of 
any hyperaemia. It is clear therefore that the degree of metabolic disturbance 
cannot be deduced from the changes in the volume of the hyperaemia if the 
local circulation has been affected by other conditions. One cannot say that 
because reactive or post-exercise hyperaemia is smaller in a cold limb or a 
limb with arterial obstruction that the metabolic disturbance is less than in 
the control limb. It appears that no particular volume of blood is necessary 
after a period of circulatory arrest and the excess volume that does flow 
depends on many things, including the prevailing perfusion pressure. 

These experiments also show that the resting level of blood flow in the fore- 
arm is well in excess of the metabolic requirements of the tissues. Thus when 
the forearm blood flow was lowered by digital compression of the brachial 
artery no hyperaemia occurred on removal of the compression. This is in 
agreement with the findings of Holling & Verel (1957) who lowered the effec- 
tive perfusion pressure in the forearm by elevating the limb, and found that 
on returning the limb to heart level there was no hyperaemia. These results 
are not surprising, since the blood vessels in the forearm are subjected to 
a high degree of nervous control, and the level of flow is varied in response 
to the body’s needs in circulatory homoeostasis and temperature regulation. 
The blood flow ‘debt’ during a period of circulatory arrest is usually taken as 
(resting level of flow) x (time of arrest), but as the resting level of flow is in 
excess of the metabolic requirements this apparent debt must be greater than 
the real metabolic debt (metabolically determined flow x time). Furthermore, 
the amount by which the resting level exceeds the metabolic requirements is 
not taken into consideration when the ‘repayment’ is calculated (average 
flow in excess of resting level x time), and therefore this apparent repayment 
must be less than the real repayment (average flow in excess of the meta- 
bolically determined flow x time). It would seem that the traditional methods 
of calculating both ‘debt’ and ‘repayment’ are subject to an error, the size of 
which depends on the difference between the metabolically determined level 
and the resting level of blood flow. It is therefore not surprising that many 
discrepancies have been reported in the relationship. 

It also follows that, after a period of circulatory arrest or exercise, any. blood 
flowing in excess of the resting metabolic requirements can be used to restore 
the tissues to the resting state. This appears to be the explanation of the 
finding that the hyperaemia is abolished by restricting the flow to the previous 
resting level. It is clear, however, that the rate of recovery is much slower 
when the flow is restricted than when it is free. Thus in the reactive 


hy 

al 

Th 

th 

Sh 

in 

in 
0 

th 

h 

T 

fl 

t 

le 


REACTIVE AND POST-EXERCISE HYPERAEMIA 657 


hyperaemia experiments the tissues appeared to recover in 24-3 min with 
a free circulation, but needed about 5 min with restricted flow; and in the 
post-exercise experimeits the respective times would appear to be 4 and 8 min. 
This indicates that the rate of recovery is dependent on rate of blood flow and 
the function of the high flows of the hyperaemia is to return the tissues to the 
resting state as quickly as possible. This is in keeping with the findings of 
Shepherd (1950a) and Edholm, Howarth & Sharpey-Schafer (1951) that the 
increase in blood flow following exercise in a limb with occlusive vascular 
disease had a smaller maximum and a greater duration than normal. It is also 
in agreement with the finding of Holling & Verel (1957) that reducing the size 
of post-exercise hyperaemia by elevation of the arm led to a prolongation of 
the hyperaemia. 

However, Dornhorst & Whelan (1953) have shown that exercise or reactive 
hyperaemia can be reduced to some extent without prolonging its duration, 
and Holling & Verel (1957) obtained the same result with reactive hyperaemia. 
This would suggest that the rate of recovery is independent of the rate of blood 
flow but the reduced rate of blood flow in their experiments was much higher 
than the resting level of flow. It would appear that somewhere above resting 
level there is a rate of flow above which the rate of recovery becomes time- 
limited rather than flow-limited. 

In conclusion, these results show that it is impossible to make deductions 
about the metabolic disturbance brought about by exercise or ischaemia from 
the volume of the subsequent hyperaemia, unless all other variables in the local 
circulation remain constant. Such deductions have frequently been made in 
the interpretation of results of experiments designed to investigate the mechan- 
ism of reactive or post-exercise hyperaemia. Such interpretations must only 
be made with considerable caution and in many cases are unjustified. 


SUMMARY 


1. Forearm blood flow was measured in four subjects before and after 
bilateral arrest of the arm circulation for 5 min. 

2. In one forearm, immediately the occlusion cuff was deflated the blood 
flow was prevented from rising above the resting level by digital compression of 
the brachial artery for 1, 2, 3,4 and 5 min. The size of the hyperaemia in the 
compressed side fell as the time of compression increased, and after 5 min 
there was usually no hyperaemia. 

3. Similar observations were made after rhythmic exercise of the forearm 
for 1 min. The results were similar to those of the reactive hyperaemia 
experiments. 

4. It is concluded that it is not necessary to have an increase in blood 
flow after circulatory arrest or exercise to ‘repay’ the ‘debt’ incurred during 
these procedures. It follows that no particular volume of excess blood flow is 
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necessary after a period of circulatory arrest or exercise and that the size of 
the hyperaemia might well vary with the prevailing state of the circulation. 
However, by supplying the tissues with an excess of blood the normal reactive 
and post-exercised hyperaemias return the tissues to the resting state more 
quickly than does the resting level of blood flow. 
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MOTOR END-PLATE ‘DESENSITIZATION’ BY REPETITIVE 
NERVE STIMULI 


By 8. THESLEFF 
From the Department of Pharmacology, University of Lund, Sweden 


(Received 25 May 1959) 


During repetitive nerve stimulation the amplitude of successive end-plate 
potentials (e.p.p.’s) declines and eventually a neuromuscular block results 
(Eccles, Katz & Kuffler, 1941; Liley & North, 1953). Such a failure of neuro- 
muscular propagation is known as Wedensky inhibition and it presumably 
results mainly from a pre-junctional deficiency in the release of the transmitter 
substance as well as from a reduced chemical sensitivity of the post-junctional 
membrane (Krnjevié & Miledi, 1958). 

An intermittent pre-junctional failure of transmitter release has been 
demonstrated during tetanic stimulation, but its occurrence is irregular and it 
cannot alone explain the transmission block. Neither can it account for the 
diminution of the e.p.p. (Krnjevié & Miledi, 1958). With the discovery that 
brief application of acetylcholine (ACh) to the end-plate reversibly reduces 
the chemical sensitivity of that region it became possible to assume that, 
during high-frequency stimulation, transmission failure could be due to 
desensitization of post-junctional receptors by the released transmitter agent 
(Katz & Thesleff, 1957; Axelsson & Thesleff, 1958). In the present investiga- 
tion it will be shown that repetitive nerve stimuli render the end-plate refrac- 
tory to applied ACh and that the receptor desensitization has such an intensity 
that it can account for a neuromuscular block. 


METHODS 


The experiments were made on the isolated rat phrenic-diaphragm preparation kept at 30-35° C. 
In this muscle the width of motor end-plates is only 19-28 yu (Cole, 1957), and it is likely that ACh 
released iontophoretically from the tip of a micro-pipette will reach a large part of the end-plate 
receptors. 

The muscle was stimulated indirectly by square-wave pulses of 0-1 msec duration, care being 
taken that the actual stimuli were always above maximal. Resulting e.p.p.’s were recorded with 
an intracellular electrode of conventional type. When an end-plate region was located by the 
recording of miniature e.p.p.’s, a micro-pipette containing a 3jm solution of ACh was made to 
approach the membrane. The drug was released iontophoretically from the tip of the pipette by 
current pulses of 10-20 msec duration. The position of the tip of the pipette was adjusted until 
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these pulses of ACh gave rise to transient membrane depolarizations of rapid time course and 
constant amplitude. A study was then made of the effects of a preceding period of nerve stimula- 
tion, at various frequencies, on the amplitude of the test response to ACh. Details of the experi- 
mental set-up, techniques for recording and drug application have been given elsewhere (Axelsson 
& Thesleff, 1958). 

To reduce mechanical movements in the muscle during stimulation the preparation was im- 
mersed in a salt solution containing 2-0-2-5 times the normal concentration of NaCl (Howarth, 
1958). The composition of the bathing fluid was otherwise that used by Liley (1956) and it was 
oxygenated by bubbling 95% O,+5% CO, through it immediately before its introduction into 
the muscle bath. The bath held about 30 ml. of solution, which was changed continuously at a 
rate of about 500 ml./hr. 


RESULTS 


In a hypertonic solution the muscle contractions in response to stimulation 
were greatly reduced (Howarth, 1958). In the diaphragm preparation 
neuromuscular transmission was initially intact but failed, in most fibres, 


Fig. 1. End-plate desensitization produced by repetitive nerve stimulation at frequencies of 20, 
40, 50 and 60/sec. The entire period of stimulation (150 msec) is shown in each record. 
Responses to test pulses of ACh are shown: 5 sec before nerve stimulation (left-hand records) ; 
50 msec after the end of stimulation (middle records); and 5 sec later (right-hand records). 


The current pulse responsible for the release of ACh is monitored in the lower tracing of each 


record. Time marker, 100 c/s; vol calibration, 10 mV; i i = 
tage » 10 mV; monitor calibration (voltage scale) 
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after about 30 min. During the transmission block e.p.p.’s of 5-15 mV 
amplitude were recorded. The resting membrane potential of muscle fibres 
was about 70 mV, but it declined somewhat during the course of an experiment. 
Presumably the neuromuscular block was due to a diminished release of ACh 
since, as indicated by an unaltered amplitude and time course of miniature 
e.p.p.’s, the sensitivity of the end-plate membrane to ACh was normal. 

The present experiments were made when neuromuscular transmission, in 
a majority of the fibres, had failed, i.e. when stimulation caused no observable 
muscle movements. During tetanic nerve stimulation at a frequency below 
20/sec the amplitude of individual e.p.p.’s remained relatively constant. At 
higher rates a decline of successive e.p.p.’s occurred. When a pulse of ACh was 
x applied shortly after a period of tetanic stimulation at a frequency higher than 
30-40/sec the response to the drug was markedly decreased. With stimulation 
frequencies of 60/sec or more the response to applied ACh was sometimes even 
| completely abolished (Fig. 1). 


& 
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Fig. 2. The time course of recovery from desensitization produced by repetitive nerve stimuli at 
) a frequency of 60/sec. The entire period of nerve stimulation is shown in each record. The 
) response to a test pulse of ACh is reduced for a period of about 0-2 sec after the end of the 
stimulation. Test responses obtained 5 sec before (left-hand records) and 5 sec after each 
period of nerve stimulation (right-hand records) are shown for comparison. Time marker, 
100 c/s; voltage calibration, 10 mV; monitor calibration (voltage scale) = 3-3 x fh 
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The possibility that movements, caused hy mechanical responses in muscle fibres, were respon- 
sible for a reduction in amplitude of the ACh potential after nerve stimulation can be rejected on 
the following grounds: (i) ‘Desensitization’ is obtained when no visible muscle movements occur 
in any part of the preparation (Zeiss Opton Stereomicroscope with up to 80 x magnification and 
transillumination of the muscle preparation). (ii) The reduction of the test response to ACh is 
graded according to the frequency of nerve stimulation and it is repeatedly obtained in exactly 
the same manner. (iii) Distortions that could be ascribed to mechanical movements are not 
recorded by an intracellular electrode placed within 0-1 mm distance from the end-plate region. 


The effect of varying the duration of the period of tetanic stimulation has 
not been systematically investigated, but it was observed that at stimulation 
frequencies above 40/sec a maximum of desensitization generally occurred 


Fig. 3. End-plate desensitization produced by tetanic nerve stimulation at 40/sec (lower record). 
When a period of intermittent failure of transmitter release occurred (upper record) no 
desensitization was produced. The end-plate response to the applied dose of ACh is shown 
before stimulation in the left-hand record and afterwards in the right-hand record. Time 
marker, 100 c/s; voltage calibration, 2 mV; monitor calibration (voltage scale) = 2-7 x 10-7 A. 


within 0-2 sec of starting the stimulation. At frequencies below 20/sec even 
prolonged (several seconds) stimulation produced no observable desensitiza- 
tion. The time for complete recovery of the sensitivity of the end-plate to ACh 
was about 0-2 sec when the preceding period of nerve stimulation had only 
produced a partial reduction of the test response (Fig. 2). When, however, the 
test response was completely abolished recovery times as long as several 
seconds have been observed. At periods when nerve stimulation caused an 
intermittent failure of transmitter release (Krnjevi¢ & Miledi, 1958) a subse- 
quent test response to ACh was almost uninfluenced (Fig. 3). 


END-PLATE DESENSITIZATION 663 


DISCUSSION 


It has previously been demonstrated that marked species variations exist in 
the intensity and time course of desensitization of end-plate receptors by 
locally applied ACh. The process was particularly rapid in the diaphragm 
muscle of the rat and in m. tenuissimus of the cat. In the rat.diaphragm, ACh 
released by a 0-5 sec current pulse produced a considerable reduction of a 
subsequent test response to ACh. The half-time of onset of desensitization was, 
when tested by this mode of drug application, a few tenths of a second, while 
the recovery time was somewhat longer (Axelsson & Thesleff, 1958). 

The present investigation has shown that a short period (0-15 sec) of repeti- 
tive nerve stimulation produces in the rat diaphragm preparation a marked 
reduction of the chemical sensitivity of the end-plate membrane. Simul- 
taneously with this desensitization a decline in the amplitude of successive 
e.p.p.’s was observed. The parallel time course and the close resemblance of 
the two phenomena suggest that receptor desensitization is a main cause of 


_ the diminution of e.p.p.’s. Since a reduction in amplitude of e.p.p.’s is likely 


to cause a failure of neuromuscular propagation the desensitization process is 
probably one of the causes of Wedensky inhibition. 

In voluntary muscle contraction there is over a certain range of tension an 
increase in the frequency of discharge of motoneurones. According to Adrian 
& Bronk (1928, 1929) the rate of firing of motoneurones may in the rabbit and 
in the cat reach frequencies as high as 90/sec. The stimulation frequencies 
(30-60/sec) which were shown to cause end-plate desensitization have been 
within this physiological range. Hence the possibility exists that receptor 
desensitization develops during voluntary muscle contractions and that it is 
a limiting factor for the rate at which impulses can propagate across the 
neuromuscular junction. 

SUMMARY 


1. In the isolated phrenic-diaphragm preparation of the rat, repetitive 
nerve stimuli render the end-plate region insensitive to iontophoretic micro- 
application of acetylcholine. 

2. End-plate desensitization is produced when the nerve is stimulated at 
frequencies of 30-60/sec. With the higher frequency the membrane response 
to a test dose of acetylcholine is greatly reduced or sometimes even completely 
abolished. Onset and recovery of desensitization following nerve stimuli last 
a few tenths of a second. 

3. It is concluded that desensitization of end-plate receptors is produced by 
the transmitter agent and that it can account for the decline in amplitude of 
successive end-plate potentials. Furthermore, the desensitization process is 
likely to be at least partly responsible for the neuromuscular transmission 
failure known as Wedensky inhibition. 
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The expenses of this investigation were defrayed by grants from the Swedish Medical Research 
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ON INCREASING THE VELOCITY OF A NERVE IMPULSE 


By J. pet CASTILLO* ann J. W. MOORE 


From the National Institute of Neurological Diseases and Blindness, 
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(Received 29 May 1959) 


Various formulations of the local circuit theory of nerve impulse propagation 
(Offmer, Weinberg & Young, 1940; Hodgkin, 1954) agree in suggesting that 
the velocity of the impulses in non-myelinated fibres is inversely proportional 
to the sum of the longitudinal resistances of the axoplasm and the external 
medium, and a number of experiments have been satisfactorily interpreted 
on this basis (Osterhout & Hill, 1930; Hodgkin, 1939; Katz, 1947). These 
experiments have been confined to variations of the resistivity of the extracel- 
lular solution; but since the major component of the total resistance is intra- 
cellular, much more marked effects are to be expected following a decrease of 
the longitudinal resistance of the axoplasm. 

In experiments using the ‘voltage clamp’ technique (Cole, 1949; Hodgkin, 
Huxley & Katz, 1952) for the investigation of the ionic currents flowing 
across the surface membrane of the giant nerve fibre of the squid, the internal 
longitudinal resistance of the axon is reduced by the presence of an axial 
current-passing wire electrode. It was, therefore, interesting to investigate the 
influence of such axial electrodes on the conduction velocity of nerve impulses 
initiated by external stimulation. 


METHODS 


All the experiments were performed with giant motor-nerve fibres dissected from the hindmost 
stellar nerve of the squid Loligo pealii and freed from the accompanying small nerve fibres. The 
cleaned axons were placed in a horizontal voltage clamp cell, just below the surface of oxygenated 
sea water that flowed at constant temperature. The axons lay on platinum stimulating electrodes 
near one or both ends. Three other external electrodes, extending over the experimental portion 
of the axon, were grounded. 

The conduction velocity of the nerve impulses generated by external stimulation of the fibre 
was measured by means of a pair of glass capillary electrodes inserted into the membrane about 
18 mm apart. The micro-electrodes had an external tip diameter of about 1 » and a d.c. resistance 
of less than 1 MQ. Electrodes with these characteristics were selected in order to minimize dis- 
tortion of the action potentials by high source impedance. In spite of the relatively large size of 
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the tips no evidence of damage could be found in the axons after their use, and the impalements 
could be repeated several times without causing an appreciable decrease in resting potential. 

Each micro-electrode was connected via a calomel half-cell to a high input impedance pre- 
amplifier provided with input capacity neutralization. The pre-amplifier design was similar to 
that of MacNichol & Wagner (1954) but with increased gain and frequency response. The outputs 
of the two pre-amplifiers were fed into an electronic switch, and the action potentials picked up 
by the two micro-electrodes were displayed separately on the cathode ray oscilloscope screen. 
The interval between the peaks of the two action potentials in Fig. 1 A represents, therefore, the 
time taken by the nerve impulse to travel the distance between the two electrode tips. This dis- 
tance was measured by means of a binocular microscope provided with an eye-piece scale, with 
an accuracy of about 2%. 

In order to be able to compare accurately the action potentials recorded at the two micro- 
electrodes, the responses of the two input units were matched as closely as possible (see Fig. 2), 
with the micro-electrodes placed in sea water just outside the axon, and were readjusted again 
after the double impalement if the resistance of either of the micro-electrodes changed accidentally 
during the penetration of the membrane. 

After the conduction velocity of an axon had been measured in this way, the micro-electrodes 
were withdrawn and the axon was impaled with the axial wire electrode. These axial electrodes 
were 50 or 75y platinum or silver wires extending 30 mm from glass shanks of 0-8 mm diameter 
and insulated except for a length of 16-18 mm at the end. Although the exposed portion was 
usually platinized by conventional procedures, a collodion coating or gelatin-coated Ag-Ag( 
was used in some experiments. The electrodes were tested by the- potential response to a 50 c/s 
square wave of constant current, and the value at 0-5 msec or 1-0 msec was usually taken as the 
effective resistance and expressed in Q.cm units. 

With the axial electrode properly sealed in position, the micro-electrodes were reinserted into 
the axon at approximately the same positions as before, and the conduction velocity was measured 
again. The tips of the micro-electrodes were placed in the axon within the region corresponding 
to the bared part of the wire, about 2 mm from each end. Full details about the axon chamber 


and the procedure used for the measurement of the resistance of the electrodes will be given in a 
future publication. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The conduction velocities measured in the giant axons, before their impale- 
ment with the axial wire electrode, agreed well with those reported by other 
workers. A typical value, as seen in Fig. 1A, was 21-5 m/sec at a temperature 
of 20° C. With an inter-electrode distance of somewhat under 2 cm, these 
velocities resulted in a delay of about 0-75 msec between the peaks of the 
action potentials recorded at the two micro-electrodes. 

The insertion of the axial wire electrode always resulted in a marked de- 
crease of this interval, i.e. in a large increment in the rate of conduction of the 
nerve impulse; and, as expected, the velocity was related in an inverse fashion 
to the resistance of the wire. No attempt was made to establish the exact 
form of this relation, as axial wire electrodes of ‘medium’ and ‘high’ resistances 
are not easily reproducible, and we were not particularly interested in a 
systematic study of their properties. 

When the electrode resistance was as low as about 20Q.cm (wire surface 
resistance x length), the increment in conduction velocity was so great that 
the temporal displacement between the action potentials recorded at the two 
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micro-electrode tips became negligible, and the traces produced by the two 
recording channels on the oscilloscope screen appeared superimposed, as in 

Fig. 1B. The gains of the two channels were made slightly unequal to show 
that there were, in fact, two inputs. When the site of stimulation was reversed 
from one end of the axon to the other, no appreciable changes were observed 
either of the velocity in nerves without internal wires, or in closeness of coin- 
cidence of action potentials with the wire in place. A few records, with con- 
ditions as in Fig. 1B, were taken at high sweep speeds to try to set a lower 
limit on difference in time and, from that, the apparent ‘velocity’. The tem- 
poral displacement between the rising phases of the two action potentials was 


100 mv 


1 msec 


Fig. 1. Effect of a low impedance axial electrode on the conduction velocity of impulses in the 
giant axon of the squid. In both A and B two capillary micro-electrodes were inserted into 
the axon at points about 16 mm apart. The action potentials picked up by each electrode 
were displayed separately on a cathode ray oscilloscope provided with an electronic switch. 
In A the recorded interval (0-75 msec) corresponds to a velocity of conduction of 21-5 m/sec. 
In B a wire electrode of low impedance has been inserted along the axis of the fibre, short- 
circuiting the longitudinal resistance of the axoplasm ; this increases the velocity of conduc- 
tion several hundred times and makes the two recorded action potentials virtually coincide. 
The gains of the two channels were made slightly different to show that there really were 
two input signals. Temperature 20° C. 
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about 1 psec. If the responses of the pre-amplifiers to a step of potential are 
essentially blunted exponentials, as in Fig. 2, their response to a voltage ramp 
will be linear with time after about 40 psec. The responses will lag the input 
ramp by 10 and 14 psec respectively; in other words, there should be a 4 psec 
displacement between them. Because the response from the micro-electrode 
nearer the site of stimulation was the slower of the two, and because the maxi- 
mum rate of rise of the action potentials was maintained relatively constant 
for about 40 psec, it can be concluded that the maximum actual temporal 
difference between the spikes was about 3 psec. This corresponds to a velocity 
of 5300 m/sec or 250 times the velocity in the normal axon. 


Jj 


100 psec 


Fig. 2. Typical transient responses of the two micro-electrode pre-amplifiers were obtained by — 


applying a voltage ramp to condensers connected to the input grids, introducing a current 
step to the grid (Lettvin, Howland & Gesteland, 1958). This is equivalent to the response to a 
voltage step at the tip of the micro-electrode. The time constants are 10 and 14 psec re- 
spectively for the left and right traces. 


The limitation on the time resolution of the measuring system was the 
response of the micro-electrode—pre-amplifier system. As already noted, the 
micro-electrode time constant (lumped product of the tip resistance and capa- 
citance across the capillary wall) was reduced by using larger tips of lower 
resistance than is common practice. When, as in this case, the micro-electrode 
time constant approaches that of the amplifier, input cable capacity limits 
the system response time. The cable lengths between the two micro-electrodes 
and their respective pre-amplifiers were different and account for most of the 
difference seen in Fig. 2. For more precise investigation of the difference in 
simultaneity of the action potentials, it would be preferable to mount the 
pre-amplifier inputs as close to the micro-electrodes as possible. 
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These experiments show clearly that a reduction in the internal longitudinal 
resistance of a nerve fibre, produced by short-circuiting the electrolytic re- 
sistance of the axoplasm with a metal conductor, produces a marked increase 
in the rate of conduction of the action potential. As expected, this change is 
much greater than similar variations elicited by altering the specific resistivity 
of the external solution. In extreme cases, when the resistance of the axial 
wire is as low as 200.cm, the velocity of conduction becomes practically 
infinite over the short region occupied by the wire electrode, showing that the 
excitable membrane of the axon over the bare wire is behaving as a single 
electrical unit. The action potential is generated simultaneously over the entire 
electrode region, rather than being propagated from point to point with a 
resulting time delay. 7 

It is questionable whether or not one may use the term ‘conduction velocity’ 
under such conditions. The currents generated by the approaching action 
potential discharge simultaneously the entire region over the wire. This is 
indicated by the slower rise at the foot of the action potential (Fig. 1B) and 
perhaps also by the longer delay after the stimulus artifact for the short- 
circuited axon. 

The measurements presented in this paper are, therefore, not only relevant 
to the local circuit theory of nervous conduction, but they also provide a 
good example of the effectiveness of a ‘space clamp’. A perfectly space- 
clamped region may be defined as one over which potential changes may occur 
with time, but where at any instant the potential is the same at every point. 
Therefore, a propagated action potential crossing the clamped region should 
enter at one.end and depart from the other without delay. This would only 
be possible if the longitudinal resistance of the clamped length of the fibre 
were negligible. The above experiments show that a fairly close approximation 
to this ideal condition can be obtained in practice by threading platinized 
platinum wires with an effective resistance of about 20 Q.cm along the interior 
of nerve fibres about 500, in diameter. 


SUMMARY 


1. The conduction velocity of propagated action potentials in the squid 
giant axon is greatly increased if the internal longitudinal resistance of the 
axoplasm is short-circuited by an axial wire electrode. 

2. The increase in the conduction velocity is related in an inverse fashion 
to the surface resistance of the electrodes, and with wires of a resistance as 
low as 20 Q.cm the apparent conduction velocity over short lengths of axon 
may be 250 times greater than normal. 

3. It is concluded that the space clamp achieved by using electrodes of 
the above mentioned resistance closely approaches, for practical applications, 
an ideally perfect space clamp. 
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STEADY STATE INACTIVATION OF SODIUM PERMEABILITY 
IN MYELINATED NERVE FIBRES OF XENOPUS LAEVIS 
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Previous experiments (Dodge & Frankenhaeuser, 1958, 1959) have shown that 
the permeability changes at the node of Ranvier are qualitatively similar to 
those in the squid giant axon (Hodgkin & Huxley, 1952a-d). When the 
membrane is depolarized the sodium permeability rises rapidly to a peak and 
then falls as a result of inactivation. The aim of the present paper is to deter- 
mine the relation between membrane potential and the extent to which the 
sodium conducting system is inactivated or refractory. 


METHODS 


The membrane potential of single nodes of Ranvier in large (25-30) isolated myelinated nerve 
fibres of the clawed toad (Xenopus laevis), was changed in rectangular steps. Potential control 
was obtained with a feed-back amplifier system described in detail in previous reports (Dodge & 
Frankenhaeuser, 1958, 1959). In this investigation the membrane potential was as a rule changed 
in two steps, one a long-lasting (60-80 msec) conditioning step and one a shorter test step by 
which the effect of the lasting polarization was measured. 

The Ringer’s solution had the following composition (mm): NaCl 112-0, KCl 2-5, CaCl, 2-0, 
NaHCO, 2-5. Most of the experiments were carried out at room temperature (19-23° C). 


RESULTS 


The peak sodium current-membrane potential relation (/y,-V curve) was 
determined in the usual way by measuring the membrane currents associated 
with step polarizations of various amplitudes (Fig. 1.4). Before the test pulse 
the membrane potential had its resting value (V = 0). The membrane potential 
was then made — 19 mV before the test pulse and another similar voltage clamp 
run was taken (Fig. 1B). When a comparison is made between the two /y,-V 
curves some points are immediately clear: (a) currents in B are larger than 
in A; (b) the potential at which Jy, is zero (i.e. Vy.) is the same in both 
curves; (c) currents in A are a constant fraction of currents in B. The peak 
sodium permeability (P,,,) was then calculated from the peak currents with 
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the constant field equation as previously described (Dodge & Frankenhaeuser, 
1959). Fig. 24 was made from the measurements in Fig. 1A and Fig. 2B 
from the measurements in Fig. 1B. It was thus clear that the effect of the 
anodal polarization preceding the test pulse was that sodium currents and 


INa (mA/cm?) 
3 


Fig. 1. Peak sodium current (i.e. peak initial current minus leak current) plotted against amplitude 
of step polarization. Membrane potential before step in A at its resting value (V = 0), in B 
19 mV anodal polarization (Vv = -—19 mV). Continuous line drawn smoothly through the 
experimental points of A. Interrupted line obtained by multiplying the ordinates of the 
continuous line by 1-44. Axon 6; 22° C. 


1:0 


PNa (cm/sec x 10-9) 


0 50 100 150 mV 


Fig. 2. Peak sodium permeability, as calculated from the experimental values in Fig. 1 with the 
constant field equation 


RT 1 — 
plotted against step polarization. Eposing taken as -70 mV, Ey, as +55-5 mV. Membrane 
potential at its resting value before test pulse in A. Membrane polarized (V = —19 mV) 
before test pulse in B. Continuous line drawn smoothly through circles. Interrupted line 
obtained by multiplying ordinates of continuous line by 1-44. 
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consequently sodium permeability were increased at all potentials by a con- 
stant factor, while the sodium equilibrium potential and the shape of the 
Iy,-V and Py,-V curves were unaffected by the conditioning polarization. 
It was therefore sufficient to use only one test pulse amplitude for the experi- 
ments where the effect of steady-state polarization was investigated. 
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Long-lasting polarizations of various values were applied to the membrane 
and at the end of the polarization a test pulse was given, making the membrane 
potential V = +57 mV. This value for the test pulse was chosen since currents 
are then nearly maximal and the measurements are reasonably insensitive to 
small errors in the setting of pulse amplitudes. Figure 3 shows an example of 
these measurements. Peak sodium currents at V = +57 mV are here plotted 
against the membrane potential preceding the test pulse. The relation between 


h 


0-5 


° 


-50 0 50 mV 
Fig. 3. Effect of steady-state polarization (abscissae) on peak sodium currents (ordinates) 
associated with a test potential step (V = +57 mV). plotted as fractions of Jy, available 
at large anodal polarizations preceding test pulse. Continuous line calculated from 


1 
h= With = +3 mV and = +10 mV. 
Axon 8; 13° C. 
TABLE 1 
PX 

Vy ky (cm/sec x (cm/sec x 

Axon (mV) (mV) hy 10-*) 10-*) (mV) 
7 + 20-0 +70 0-95 4-0 4-2 + 130-0 
8 +3-0 +10-0 0-57 2-0 + 132-0 
9 + 16-0 +8-0 0-89 4-0 4°5 + 126-2 
10 +70 +6-0 0-77 2-6 3-4 + 120-0 
ll +3-0 +8-0 0-59 2-2 3-6 + 116-0 
12 +5-9 +10-0 0-66 4-6 7-0 + 120-2 

Mean +9-15 +8-17 0-738 3-23 4-37 + 124-03 


peak sodium current and polarization was S-shaped and symmetrical, as in 
the analysis of the squid fibre (Hodgkin & Huxley, 1952c, Fig. 5) and of the 
esculenta fibre (Dodge & Frankenhaeuser, 1958, Fig. 7). An empirical equa- 
tion of the same form as that used by Hodgkin and Huxley to describe the 
inactivation was therefore fitted to the experimental values (continuous line 
in Fig. 3): 1 

hetoady state = (1) 


where h is the sodium permeability or the sodium current that is rapidly 
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available to the test pulse as a fraction of that available at large anodal 
polarizations, and varies between one and zero; (1A) is termed inactivation. 
V is membrane potential before test pulse, V;, is the value of membrane poten- 
tial at which h = 0-5, k, is an empirical constant with dimensions of a 
potential. 

The experimental values were compared with a family of curves drawn as 
solutions of equation (1) for various values of k,. Experimental values for V, 
and k, are listed in Table 1 together with the limiting value of Py, when 
membrane potential before test pulse had its resting value (i.e. V = 0) and 
the limiting value of Py, when h = 1 at large anodal polarizations. 

The values for V, varied to some extent, from +3 mV to +20 mV with a 
mean value of +9-15 mV. Some of this variation was certainly due to experi- 
mental errors, since V, decreased as the fibre deteriorated in long-lasting 
experiments, and measurements on derelict fibres gave values as low as 
—3 mV. The measured mean value of +9-15 mV for V,, may possibly be a few 
millivolts less than the value for an average fresh fibre. The measured mean 
value for h, and for Px, ,,,,. at V = 0 may for the same reasons be slightly 
low. Available Py, at large anodal polarizations was affected much less by 
deterioration of the fibre, and the constant k, was independent of deteriora- 
tion. The extreme values for k, were +6 and +10 mV with an average value 
of +8-17 mV. The variation among the fibres seems to be somewhat larger than 
that which could possibly be accounted for by the technical errors involved in 
the measurements. The variation of the limiting value of Py, at large anodal 
polarizations, from 3-5 x 10-* cm/sec to 7-0 x 10-* cm/sec with a mean value 
of 4-4 x 10-3 cin/sec, was not larger than what was expected, because individual 
variations in internodal length and nodal surface area were not allowed for in 
the calculation of the current scale. These figures therefore indicate a striking 
similarity of the nodal membranes investigated. 


DISCUSSION 


This paper deals with the effect of prolonged polarization, anodal and cathodal, 
on the sodium permeability that was rapidly available when the membrane 
potential was suddenly decreased by a test pulse. The available sodium 
permeability (h) was increased by anodal polarization and decreased by 
cathodal. The curve relating h to the steady-state membrane potential was 
S-shaped and symmetrical with a limiting maximum value (h = 1) at large 
anodal polarizations and zero value at large cathodal polarizations. The si- 
milarity between the frog fibre inactivation-membrane potential curve and the 
squid fibre h-V curve is striking. This similarity was not merely qualitative, but 
was also quantitative toa fair extent. An empirical equation of the same form 
could be fitted satisfactorily to the two sets of data (equation 1 in Hodgkin 
& Huxley, 1952¢ which is identical with equation 1 in this paper). In the 
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present experiments the constant k, varied between +6 and +10 mV from fibre 
to fibre, while Hodgkin and Huxley found it to be +7 mV in the original squid 
fibre experiments and in a later investigation Frankenhaeuser & Hodgkin 
(1957) obtained values between +5 and +11-7 mV. k, seems thus to have 
much the same value in frog and squid fibres. A, (i.e. h at resting potential) 
and V, varied a fair amount in the present experiments and were clearly 
sensitive to fibre deterioration. h, was slightly higher (0-74) than h, in the 
squid fibre experiments (0-6). The frog fibre thus seems to be somewhat less 
inactivated at resting potential than the squid fibre. It seems doubtful, how- 
ever, whether this difference between the two fibres is of any major importance. 

It may be of some interest to see how much the diffusion through the 
membrane is restricted when Py, is at its maximum compared with the 
diffusion in free solution. The permeability coefficient is related to the diffusion 
coefficient by: P = D(A/L), where D is the diffusion coefficient, A is the factor 
by which diffusion is restricted, L is the thickness of the layer. D is for NaCl 
about 10-* cm?/sec, L is about 10-* cm. Py, is about 4-5 x 10-* cm/sec. A is 
therefore about 4-5 x 10-*. If the membrane were uniformly permeable over 
its entire area, then the mobility of sodium in the membrane would be only 
about 4-5 10 of that in free solution. If it is assumed that sodium per- 
meability is restricted to certain regions of the membrane only, but that the 
mobility in these sites is the same as in free solution, then the permeable sites 
would occupy only about 4-5 x 10-* of the total membrane area. — 


SUMMARY 


1. Voltage clamp experiments on isolated myelinated fibres from Xenopus 
laevis are described. The membrane potential was changed in two steps: one 
lasting conditioning polarization, either anodal or cathodal, and one short 
cathodal test pulse. 

2. The steady-state effect of the conditioning polarization on the peak 
sodium permeability (Py,) that was rapidly available for the cathodal test 
pulse, was investigated and it was found that: 

(a) The sodium equilibrium potential (Vy,) was not changed by the 
conditioning polarization. 

(b) Anodal polarization increased the sodium currents (Iy,) associated 
with the test pulse and increased the available Py,, whereas cathodal 
polarization decreased J, and Py,. 

(c) Py, was related to the conditioning polarization by the empirical 
equation: 1 

heveady state = =F 
where h is the available sodium permeability as a fraction of that at large 


anodal polarizations and J, is the potential at which h = 0-5, k, is an empirical 
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constant. The h-V curve was S-shaped and symmetrical, h was unity at 
large anodal and zero at large cathodal polarizations. 
(d) The experimental mean value of V, was +9-15 mV and of k, +8-17 
mV. 
(e) The equation relating h to V used here is identical with the equation 
used by Hodgkin and Huxley for the squid fibre inactivation. 
3. The maximum sodium permeability of the frog fibre was about 4 x 10-* 
cm/sec. 
4. V, and k, in the frog fibre were found to have almost the same values as 
in the squid fibre. 


This investigation was supported by the Rockefeller Foundation and by Stiftelsen Therese och 
Johan Anderssons Minne. 
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MEMBRANE RESISTANCE AND CONDUCTION VELOCITY OF 
LARGE MYELINATED NERVE FIBRES FROM 
XENOPUS LAEVIS 


By B. FRANKENHAEUSER anp B. WALTMAN 


From the Nobel Institute for Neurophysiology, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received 29 June 1959) 


During recent experiments on myelinated nerve fibres of the clawed toad 
(Xenopus laevis) with the voltage clamp technique (Dodge & Frankenhaeuser, 
1959; Frankenhaeuser, 1959) it was observed that the nodal membrane 
resistance was quite appreciable when measured in isotonic KCl solution. 
Since this contradicts the frequently held view that the membrane resistance 
becomes negligibly low in KCl solution, it was considered desirable to investi- 
gate this point by conventional methods, with whole desheathed nerve. 
The space constant A (Rushton, 1927, 1934) was therefore measured with the 
nerve in Ringer’s solution and in isotonic KCl solution, and the ratio of nodal 
resistances in the two solutions was calculated from these measurements. In 
addition, because many fibres of Xenopus laevis are exceptionally large (outside 
diameter about 30), the opportunity was taken to measure the maximal 
conduction rate of the nerve. 
METHODS 


Peroneal nerves from Xenopus laevis were used for the experiments. After the connective-tissue 
sheath of the whole sciatic trunk had been cut open with scissors and carefully removed, the 
peroneal branch was gently freed and a uniform length pulled through capillary tubes in a par- 
titioned cell. One of the capillaries limited the external fluid between the current electrodes and 
other capillaries were used between the recording electrodes. For measurements of the space 
constant, the capillary at the recording site was 1-5 cm long and could be moved along the nerve, 
relative to the fixed polarizing site. The distance between the polarizing site and the recording site 
was measured with the ocular micrometer of a microscope. The nerve was kept fully immersed 
in solution during the experiment and a constant recording resistance was obtained. When solu- 
tions were changed, the long sliding capillary was moved to expose the nerve in the recording site 
to the new solution. 

A conventional rectangular pulse stimulator and a d.c. amplifier were used. Photographic records 
of the extrapolar current spread and action potentials were optically enlarged and measured. 

The Ringer’s solution had the following composition: (mm) NaCl 112-0; KCl 2-5; CaCl, 2-0; 
NaHCO, 2-5. 120 mm-KCl was used as isotonic KCl solution. 

Most of the experiments were carried out at room temperature (20° C). 
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RESULTS 


Conduction rate. The conduction rate in the fast fibres was calculated from 
the time lag between two records of longitudinal current, measured across two 
short (0-7 mm) capillaries situated 15 mm apart. The conduction rate in four 
nerves was found to be 64, 68, 73 and 66 m/sec respectively at 20° C, and it 
increased with increasing temperature of the surrounding Ringer’s solution by 
about 2m/sec per degree in the range 10-30° C. 

The space constant of nerve in Ringer’s solution and in isotonic KCl solution. 
The space constant of the desheathed nerve was determined by plotting 
extrapolar current spread against extrapolar distance and finding that distance 
at which the current had declined to 1/e. The polarizing pulses were anodal and 
were 50% of the amplitude of a threshold cathodal pulse of long duration. 
The measurements were taken at 7-5 msec after the onset of the pulse. The 
space constant A is defined by 


where Rm is membrane resistance for unit length of nerve, R, and R, are 
internal and external longitudinal resistances per unit length of nerve (e.g. 
Rushton, 1934). Provided that the internal resistance remains constant and 
the external resistance is either constant or negligibly small, it follows that the 
ratio between the membrane resistances in the two solutions is 


Rm (Ringer) _ [A (Ringer) 
Rm (KCl) | A (KCl) 


Results obtained from this relationship are given in Table 1. It was quite 
evident that the membrane resistance of the nerve was lower in KCl than when 
the nerve was in Ringer’s solution, but none the less the decrease was only by 
a factor of four, which hardly produces an effective short-circuit. 

If a length of passive nerve fibre is treated as a cable of known properties, 
the attenuation of an action potential at successive nodes may be readily 
calculated. Such an approximate calculation, based on the above measure- 
ments and a ratio of 1:3 for internodal resistance to nodal resistance (Dodge & 
Frankenhaeuser, 1959), was made for the special case that one node (N_,) 
discharges a full action potential of 120 mV, while the neighbouring node (N,) 
is in isotonic KCl solution and is fully inactivated, and the other nodes 
(N., to N,..) are in Ringer’s solution and have normal resting potential (i.e. if 
current spread from the depolarized node is prevented by a backing-off e.m.f.). 
This calculation indicated that the action potential in N_, would be attenuated 
at N,, to about 20 mV. Since the threshold of a normal node is about 20 mV, 
it appeared that an impulse might be conducted through a segment having 
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one node in isotonic KCl solution. An experiment was made to test this 
prediction. 

_ A desheathed nerve was pulled through a number of capillaries in a 
measuring cell depicted in Fig. 1. This arrangement permitted stimulation of 
the nerve at one end and recording of the action potential at the other, while 
between these sites was situated the narrow (2-8 mm) pool C separated from 
the side pool B by short capillaries (0-1 mm). Pool C contained either Ringer’s 


Tas.e 1. Ratio of membrane resistance in Ringer’s solution to that in isotonic KCl solution, 
from measurements of space constant 


Date Solution A A (Ringer) R,, (Ringer) 
March | (mm) A (KCI) R,, (KCI) 
1959 
19 Ringer’s 2-2) 
Isotonic KCl 1-0 2-1 4-4 
Ringer's 2.0) 
24 Ringer’s 2-1 
Isotonic KCl 1-0 2-0 4-0 
Ringer’s 1-9 
29 Ringer’s 2-3 
Isotonic KC] 1-1 2-1 4-4 
Ringer’s 2-3 
-O- 


AY 


A B Lc} B D 


Fig. 1. Arrangement for testing effect of isotonic KCl on conduction. Capillary AB 2-5 mm, 
capillaries BC 0-1 mm, capillary BD 15 mm; length of pool C 2-8 mm, total length of pool B 
15mm. Figure not drawn to scale. 


solution or isotonic KCl solution, while A and B contained Ringer’s solution 
and D contained KCl. An e.m.f. of the order of 70 mV could be applied by a 
tripolar electrode arrangement between the pool C (negative) and the neigh- 
bouring pool B in order to prevent ‘demarcation current ’ of nodes in KCl from 
depolarizing nodes in Ringer’s solution. The dimensions of the measuring cell 
were chosen in order to fulfil the following requirements: (a) at least one node 
in each fibre should be in the narrow pool (internodal length of the large fibres 
= 2-3 mm), (b) many large fibres should have not more than one node in 
pool C, (c) the capillaries in the partitions limiting the narrow pool C, being 
short, ensured that only a few nodes would be in a mixed solution, and being 


reasonably tight fitting prevented flow of solution between pools, so that the 
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concentration gradients in the solution were reasonably sharp and well 
defined. 

In Fig. 2 are typical photographic records from one such experiment. Stimu- 
lus strength was maximal for the large fibres. In record 1, pool C was filled 
with Ringer’s solution and a normal action potential was recorded. In record 3, 
pool C was filled with isotonic KCl solution and conduction was clearly 
blocked in most fibres, the little which remained being probably due to the 
few fibres which did not have a node in that pool. In record 4, an e.m.f. of 
78 mV was applied between the KCI-filled pool C (negative) and the adjacent 
Ringer’s-filled pool B; the action potential grew to slightly more than one-third 


1 msec 
1 3 


Fig. 2. Maximal action potentials recorded in situation of Fig. 1. In records 1 and 2, Ringer's 


solution in pool C; in 3 and 4, isotonic KCl in pool C. In records 1 and 3, pools B and C. 


equipotential; in 2 and 4, pool C —78 mV relative to pool B. 


of its size in record 1, indicating that an appreciable number of fibres were 
conducting through isotonic KCl solution. The remainder, which were not con- 
ducting, had not been excited at nodes N,,. As our calculation indicated, an 
action potential would be attenuated by a single node in KCl to very close to 
threshold; attenuation by two or more nodes in KCl would certainly be too 
much to permit excitation at an adjacent normal node. Hence, all the fibres 
with more than one node, and some with only one node, in KCl would be 
blocked. In record 2 the same backing-off e.m.f. was applied when pool C 
contained Ringer’s solution; conduction was effectively blocked, because in 
this case nodes N, were inactivated by cathodal polarization while the threshold 
of nodes N_, and N,, was raised by anodal polarization. 

The approximate calculation, mentioned above, gave a safety factor very 
close to one for the experimental situation in Fig. 2, record 4. The experiment 
was therefore in full agreement with the findings from measurements of the 
space constant, but in disagreement with the commonly held view that the 


membrane is effectively short-circuited when the fibre is in isotonic KC! 
solution. 
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DISCUSSION 


The conduction rate in myelinated fibres is linearly proportional to the fibre 
diameter (Erlanger & Gasser, 1937; Rushton, 1951). The measurements of 
Tasaki, Ishii & Ito (1943) indicate that a 15 bull-frog nerve conducts impulses 
with a rate of about 32 m/sec at 24° C. Extrapolation of the results for bull- 
frog nerve would give a value of about 63 m/sec for a hypothetical 30, fibre. 
The present figures for whole desheathed nerve gave a maximum conduction 
rate at 20° C of 68 m/sec, and at 24° C of 76 m/sec. Possibly then 30 Xenopus — 
fibres may conduct slightly more rapidly than corresponding (hypothetical) 
bull-frog fibres, but the difference is too small to be worth emphasizing. 

The finding that the steady-state resistance of the membrane was not very 
low when the node was in isotonic KCl solution may be related to some other 
recent observations. When a node was polarized to about zero membrane 
potential in voltage clamp experiments, the membrane resistance (i.e. Rm = 
AV/AI) was clearly much lower than that found here; but when the membrane 
was kept for a long time (i.e. several seconds) at a low potential, then the 
membrane currents decreased and Ry» increased (unpublished voltage clamp 
results). This increase in membrane resistance cannot be accounted for by 
accumulation of potassium in a limited space outside the membrane (cf. 
Frankenhaeuser & Hodgkin, 1956), although such an effect might occur in 
frog nerve in very low external potassium concentrations (Meves, 1959). 
These findings indicate that the potassium permeability change is inactivated 
just as the sodium transport mechanism is inactivated, but at a very much 
lower rate, actually so slowly that this inactivation can hardly play any part 
in the permeability changes during an action potential. 

Mueller (1958) has recently described exceedingly prolonged ‘action 
potentials’, which occur when the membrane in isotonic KCl solution is pola- 
rized with external currents. Under these conditions the potassium equilibrium 
potential (Z,) would be at about zero membrane potential and the potassium 
permeability-membrane potential curve is expected to have its general 
characteristics unchanged, although the curve would be shifted along the 
voltage axis owing to the change in external calcium concentration (Franken- 
haeuser & Hodgkin, 1957). This would give, on the basis of the formulation of 
Hodgkin & Huxley (1952), a region of negative membrane resistance. This has 
clearly been demonstrated by Moore (1959) on the squid fibre, and has also 
been found in voltage clamp experiments on frog fibre (Frankenhaeuser, 
unpublished observation). The rising phase of these ‘action potentials’ is 
therefore, as Moore points out, included in the equations of Hodgkin & Huxley. 
Inactivation of the potassium carrying mechanism can more readily explain 
the falling phase of these ‘action potentials’ than can concentration changes 
outside the membrane, as was tentatively suggested by Moore (1959). 
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These phenomena will be discussed in further detail when the voltage clamp 
potassium currents have been analysed quantitatively. 


SUMMARY 


1. Experiments were made on desheathed peroneal nerves of Xenopus 
laevis. 

2. The maximum conduction velocity averaged 68 m/sec at 20° C, with a 
temperature dependence of 2 m/sec per degree for the range 10-30° C. 

3. The space constant of the whole desheathed nerve was found to be about 
2-0 mm when the nerve was in Ringer’s solution, and about 1-0 mm in isotonic 
KCl solution. This indicated that the nodal membrane resistance in isotonic 
KCl solution was about one-fourth of that in Ringer’s solution. 

4. Since the nodal resistance was appreciable in isotonic KCI solution, it 
was predicted that a fibre might conduct an impulse through a short segment 
of nerve in KCl, provided that spread of demarcation current is prevented. 
This prediction was experimentally verified. 

5. The significance of these findings is discussed in relation to other recent 
observations on potassium permeability in nerve membrane. 


This investigation was supported by the Rockefeller Foundation and Stiftelsen Therese och 
Johan Anderssons Minne. 
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CONCENTRATION OF RADIO-IODIDE IN THE 
SKIN OF THE RAT 


By K. BROWN-GRANT anv G. PETHES* 
From the Department of Physiology, University of Birmingham 


(Received 15 June 1959) 


In the course of experiments in vivo intended to measure the rate of release of 
thyroidal radio-iodine in suckling rats it was observed that the level of extra- 
thyroidal radioactivity was much higher than in similar experiments carried 
out previously with adult rats (Brown-Grant, 1956). Diffuse activity was 
detectable over the whole of the body during the 2~10-day period after the 
injection of }**J into two-day-old rats. Contamination of the skin with radio- 
active urine or milk and delayed absorption from the injection site were ex- 
cluded as possible causes for this finding. Jn vitro analysis of body tissues 
showed that the skin of these young animals contained a high proportion of 
the total body radioactivity. These preliminary observations led us to carry 
out a quantitative study pf the part played by the skin in the iodide metabolism 
of the rat. A preliminary account of these findings has been Beenie 
“iis Grant & Pethes, 1959). 


METHODS 


Albino rats from an inbred laboratory colony derived from the Wistar strain, and mice of the 
Parkes strain from the laboratory colony, were fed on Bruce & Parkes (1949) pelleted diet 41 and 
tap water ad lib. Guinea-pigs of mixed breeds were fed on Bruce & Parkes (1947) pelleted diet 18 
and tap water ad lib., supplemented by a small amount of cabbage 6 days a week. The animals were 
kept in a temperature-controlled animal room (18-20° C) under constant lighting conditions. 

Radio-iodine (I) was obtained from the Radiochemical Centre, Amersham, as a carrier-free 
solution of Nal in isotonic saline and was administered by intramuscular injection in the doses 
given in the text. In vivo counts were made with a shielded G 10 Pb Geiger—Miiller tube (Brown- 
Grant, 1956). Weighed tissue sarmples were dissolved in 3N-NaOH at 65-70° C, diluted to 10 ml. 
and counted in an M 6 liquid counter. Three 100 sec counts or a total of at least 1200 counts were 
obtained on each sample. A suitable portion of the injected dose was counted as an internal 
standard in each experiment. All counts were corrected for instrument background and for 
physical decay as necessary. Potassium thiocyanate (A.R.), 10 mg/100 g body weight, was 
injected intraperitoneally in certain experiments. 


* Present address: Department of Physiology, School of Veterinary Science, Budapest, Hungary. 
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RESULTS 
Distribution of radio-iodide in suckling rats 
A litter of eleven two-day-old rats received 2c ™'I each and were then 
returned to the mother. At intervals between 2} and 268 hr after injection 
individual rats were carefully washed and killed after a determination in vivo 
of whole body radioactivity. Tissue samples were prepared and their ™"] 
content was measured. Figure 1 shows the general pattern observed. The skin 
content of 1*1J is about 20°, of the injected dose at 2-5 hr, 30-40% between 
24 and 72 hr and falls slowly thereafter. At no time is it less than the thyroid 
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Hours after injection of '3"| 
Fig. 1. The distribution of "1 in suckling rats after injection at 2 days of age. 


311 content, which follows a time course very similar to that in the adult 
(Fig. 3). The percentage of injected radio-iodide which is retained is also high 
initially, but falls from 48 hr after injection onwards, roughly paralleling the 
skin content. Four or five skin samples from different parts of the body were 
measured in each animal and the mean skin: blood concentration ratio was 
determined, expressed as 
counts/100 sec/g skin 
counts/100 sec/ml. blood’ 


This was high even in animals killed soon after injection; these values were 
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not a reflexion of a general ‘lag’ of tissue iodide levels behind blood levels as 
liver: blood and kidney : blood ratios from these animals never exceeded unity. 
A high proportion of an injected dose of radio-iodide appears in the skin of 
these young rats and there appears to be a rapid concentration of I in the 
skin in the first few hours after injection. Rats of different ages were therefore 
examined to determine if the ability to concentrate radio-iodide was peculiar 
to the skin of young animals. 


Six-hour skin: blood and skin: plasma ratios in rats of different ages 
Individual rats from a litter of eleven were tested as follows at ages ranging 
from 3 to 388 hr. Each received 0-5 uc I and was killed 6 hr later, having 


L “ 
Age at time of injection (hr) 


Fig. 2. Skin: blood ratios and skin and thyroid ™*I contents in young rats killed 
6 hr after injections of radio-iodide. 


been returned to the mother in the mean time. Skin: blood (S: B) ratios were 
greater than 1-0 in all cases, varying from 1-5 to 5-0. Liver: blood and kidney: 
blood ratios never exceeded unity and were generally 0-5-0-7. Total skin 
content was 20-35%, of the injected dose and was 10-15 times greater than 
the thyroid content (Fig. 2). Values for S: B ratio and skin content were low 
in the 3-hr-old animal but consistently high in animals 24—120-hr-old at the 
time of injection. Values for animals 144~388-hr-old were somewhat lower. 
Examination of the tissues of the mother rat and an uninjected young rat 
killed 388 hr after delivery showed that a small amount of *I was present, 
presumably as a result of the mother ingesting }*'I while grooming injected 
young and subsequent transfer to other sucklings in the milk. The milk: blood 
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ratio for the mother at post-mortem was about 20 (cf. Brown-Grant, 1957). 
The levels in the young rat, however, were negligible compared with those 
obtaining after injections of I. 

Similar experiments were carried out on three four-week-old male rats, 
three ten-week-old male rats and three adult males. The three groups were 
injected with 1-5, 2-0 and 3-0yc I per animal respectively and killed 6 hr 
later. Table 1 shows the results of these experiments, including the percentage 
excretion of radio-iodine determined by direct measurement of urine radio- 


TaBLE 1. Distribution of 1*"I in male rats of different ages 6 hr after injection: three animals in 
each group. The values given in this and subsequent tables are means + standard error of 
the mean 


Body Percentage of dose in 
weight — A 
Age (g) Thyroid Skin Urine S:B ratio S:P ratio 


4 weeks 51+4 4-9+0-6 17-7413 30-144-4 3-46 + 0-30 1-44+40-15 
10 weeks 121+1 3-4+ 0-6 13-2+0-8 17-3423 1-65+0-13 1-27+0-04 
6months 280411 4641-0 15-4+ 1:3 49-2+9-5 2-47+0-41 2-11+40-45 


activity. At 6 hr after injection a large proportion of the total body "I is in 
the skin in adult rats and a concentration of I relative to plasma has been 
achieved. 

Variation of skin I with time in adult rats 

Twelve adult male rats (200-260 g body weight) were injected with 10 uc 
131] and killed 2-246 hr later. The pattern of “I distribution may be compared 
with that of the suckling rats (Fig. 3). Thyroid “I contents are quite similar: 
both reach peak values of about 20° of the injected dose at 24 hr and decline 
thereafter at not dissimilar rates up to 120 hr. The skin contents, however, 
show very different patterns: the peak content of the young rats is reached 
more slowly than that of the adults but remains high for several days, falling 
slowly from about 100 hr onwards. At this time the "I content of the thyroid 
of the suckling shows a secondary rise (Fig. 1) and there was a suggestion of 
a rise in the curve of the I content of the blood also. In contrast, the }*'I 
uptake by adult skin reaches a maximum very soon after injection and then 
falls rapidly during the first 24 hr to reach a low level of about 5%, of the 
injected dose of 1*1I, which is maintained with little change over the 24-244 hr 
period examined. The percentage retention of 8!I by the adults (determined 
by liquid counting of dissolved carcasses) is also much lower than that of the 
sucklings. 

It seemed probable, in view of the findings of Leblond (1954), that the later 
retention of ‘I by the skin of the adult might represent incorporation into 
the hair. (All skin values previously quoted have referred to skin plus hair, 
cleaned from subcutaneous fat and muscle tissue.) A sample of the skin from 
the back of each animal in this series had therefore been clipped and the hair 
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and clipped skin assayed separately for I. The results, expressed as a per- 
centage of the dose per gram of skin or hair, are given in Fig. 4. The initial 
high values for skin represent “I in equilibrium with the blood iodide. No 
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Hours after injection of 131) 
Fig. 3. The distribution of "I in adult male rats after injection of radi~-iodide; data for 
suckling rats (interrupted lines) included for comparison. 
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Fig. 4. The percentage of a dose of "I present in 1 g of clipped skin (@) and in 1g of hair (©) 
at different times after the injection of radio-iodide in adult male rats. 


significant radioactivity could be detected in clipped hair at this time. From 
24 hr after injection onwards the total activity is fairly constant, but the 
concentration in skin falls while that in the hair rises. It seems possible that 
the 481 is already in the proximal parts of the hair at 24 hr and that the 
subsequent appearance as ‘hair 8"]’ is the result of growth of the hair and the 
experimental method adopted. 
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The effect on skin I of pre-treatment with KSCN 


The effect of KSCN (10 mg/100 g body weight) injected intraperitoneally on 
skin 151] content in suckling and adult rats and in other species was examined. 
All results are expressed as group mean values + standard error of the mean. 
Suckling rats. Seven two-day-old rats received 1 wc “I and were killed 4 hr 
later. Four controls gave a mean S: B ratio of 5-69 + 0-14 and had a mean skin 
content of 34-4+1-1% of the injected dose. Three animals pre-treated with 
KSOCN 30 min before the injection of ™I gave a mean S: B ratio of 0-72 + 0-07 
and the mean skin content was 13-6 +0-5% of the injected dose. 

Adult male rats. The dose of radio-iodine was 4 uc in this experiment and the 
duration again 4 hr. Three control animals gave S:B and skin: plasma (S: P) 
ratios of 2-70 + 0-32 and 1-96+0-19. Mean skin content was 25-6 + 1-8 %, of the 
injected dose. Three animals pre-treated with KSCN gave S:B and S:P 
ratios of 0-78 + 0-05 and 0-64 + 0-02 and a mean skin content of 16-3 + 2-7 %, 
of the injected dose. 

Adult male mice. A similar experiment with mice (dose of #41, 2c) gave 
control values (mean of 3) of 1:10+0-11 for the S:B ratio and of 8-7+2-8% 
of the injected dose for the skin content. Three thiocyanate-treated animals 
had an S:B ratio of 1-10+0-02 and mean skin content of 7-6+1-4% of the 
injected dose. As these are S:B, not S:P ratios, there was no evidence of 
concentration by the skin, nor of any mechanism influenced by thiocyanate. 
The dose of KSCN given reduced the thyroid uptake of I from 2-2+0-4% 
of the injected dose in the controls to 0-13 + 0-03 % in the treated animals. 
Guinea-pigs. Young adult guinea-pigs (240-360 g body weight) were used; 
each was injected with 8 uc #1 and killed 4 hr later. Two males and one female 
showed S: P ratios of 0-58, 0-63 and 0-42, with skin ™ I contents of 3-9, 7-6 and 
3°5% of the injected dose respectively. One male and one female pre-treated 
with KSCN gave S: P ratios of 0-60 and 0-42 and the female had a skin content 
of 3:2% of the injected dose. As in mice, there was no evidence of any con- 
centration by the skin or of any change following administration of KSCN. 


Effect of KSCN given after injection of 1] 
It seemed probable, from the time course of changes in skin 1I content in 
adult rats (Fig. 3), with a high initial uptake and rapid fall in the first 24 hr 
after injection, that this radioactivity represented iodide held in the skin but 
in equilibrium with blood iodide. The residual "I retained in the skin appeared 
to be hair iodine (Fig. 4) which is presumably no longer in equilibrium with the 
blood and is eventually lost from the body only by shedding of the hair. The 
position in the sucklings was less clear; the high skin content over the first 
100 hr could be simply a result of the high percentage retention of the injected 
*81T due to low renal excretion. The fall in skin content between 120 and 260 hr 
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and the subsequent slight rise in blood and thyroid 11 levels could be the result 
of resorption of skin iodide as plasma levels fell owing to delayed renal excre- 
tion. Alternatively it might represent '"I held in the rapidly growing skin, 
shed or removed by grooming, ingested by the mother and returning to the 
young via the milk. The effect of KSCN administered at varying times after 
the injection of “I was therefore investigated in order to examine these 
possibilities. 
TaBLE 2. The effect of KSCN (10 mg/100 g body weight) on skin ™"I in adult male and 
female rats and in two-day-old rats 


Skin content 
Percentage of dose in (in ml. 
S:B ratio S:P ratio Skin 10 ml. plasma of plasma) 
Male rats (4 rats/group) 
Controls killed 2-05 + 0-24 1-76+40-12 33-1+40-7 71406 49+5 
240 min after ™'I1 
KSCN 180 min, 0-81+40-01 0-74 +.0-05 21-0+2-6 9-840-7 2243 
killed 240 min after 
Female rats (3 rats/group) 
Controls killed 0-88 + 0-09 0-78 + 0-08 16-7 7-440-4 2343 
90 min after 
Controls killed 1124017 0-97 + 0-09 13-7+1-8 4640-3 30+2 
180 min after * 
KSCN 90 min, 0-62 + 0-04 0-58 13-6+40-6 7140-4 19+2 
killed 180 min 
after 
Suckling rats (4 rats/group) 
Controls killed 5-68 + 0-05 34-441-1 5-0+0-2* 6-8 + 0-3* 
240 min after ™'I 
KSCN 180 min, 1-24+40-12 17-8+0-9 11-3+0-7* 1-6+0-2* 
killed 240 min . 
after 


* For the suckling rats blood levels are given as % dose/ml. blood and skin content as ml. 
equivalent blood. 


Adult rats. Nine adult female rats (170-190 g body weight) were injected 
with 3 uc "J. Three were killed after 90 min and three after 180 min; the other 
three received KSCN 90 min after injection and were killed at 180. min. Table 2 
shows the values obtained for S: B and S:P ratios and for skin content. The 
values for skin content expressed as percentage of the injected dose are mis- 
leading under these circumstances, as the administration of KSCN leads to a 
rise in the level of 1“1I in the blood, due presumably to interference with the 
gastric iodide-concentrating mechanism (Brown, 1956; Brown-Grant, 1957). 
A more informative measure of skin radio-iodide is obtained by expressing 
the skin content as the volume of plasma (in ml.) to which the “I content is 
equivalent. As is shown in Table 2, these values are markedly reduced by 
administration of KSCN. 

A second experiment with adult male rats (dose of 131T, 4c), given KSCN 

3 hr after injection and 60 min before killing, gave similar results (Table 2). 
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Clearly the high concentration of radioactivity in adult rat skin a few hours 
after injection represents iodide in equilibrium with the blood and dischargeable 
by thiocyanate. In contrast, adult male rats injected with KSCN 124 or 174 hr 
after administration of !*"I and killed 2 hr later showed no change from control 
values (Table 3). 

Suckling rats. Two-day-old rats received 1c ™*I, and KSCN 3 hr later and 
were killed at 4 hr after the iodide injection. The results obtained were very 
similar to those found in adult animals at the same time after injection (Table 2), 
thiocyanate again markedly reducing the S:B ratio and lowering the total 
skin content. 


TaBLE 3. Distribution of "I in the skin of adult male rats at 124 and 174 hr after injection 


Time after % injected % injected % injected 
injection % total body  dose/g of dose/g of dose in 
(hr) Animal 131] in skin skin x 10* hair x 10? thyroid 
124 Control 20-8 10-1 15-3 . 128 
124 KSCN-treated 19-2 9-1 34-0 78 
174 Control 21-0 6-3 29-4 6-3 
174 KSCN-treated 21-0 6-9 27-5 7-2 


TaB.eE 4. The effect of KSCN on skin ™'I in suckling rats injected at 2 days of age and 
killed 80 hr later 
Skin content 
(as ml. 
% dose Blood J equivalent Thyroid 
S:B ratio in skin (% dose/ml.) of blood) (as % dose) 


Controls killed 80 hr 36-7 +4-7 25:1+7-6 0-55 +. 0-12 51+11 5-3+40-3 
after (3 rats) 

KSCN 78 hr, killed 6-5 13-9 1-67 8 5-2 
80 hr after (2rats) (6-5,6°5) (17:1, 10-6) (1-92, 1-42) (7, 9) (5-1, 5-2) 


A second litter of two-day-old rats each received 3uc “I. Eighty hours 
later KSCN was injected and they were killed after a further 2 hr. The radio- 
activity in the skin of these young animals at this time is due mainly to iodide 
in equilibrium with the blood, as KSCN causes a considerable discharge of 
181] (Table 4). The residual skin radioactivity, however, is still sufficient to 
produce a S: B ratio greater than unity. Some of this may represent "I in the 
rapidly growing hair, no longer in equilibrium with the blood. Skin ™I at 
268 hr after injection in two-day-old rats is about 5% of the dose, as in adults 


(Figs. 1 and 3), and at this time, as at 15 days after injection, is found pre- 
dominantly in the hair. 


DISCUSSION 


The experiments described here represent a general quantitative study of the 
part played by the skin in the iodine metabolism of the rat. Several aspects 
merit separate discussion. 

First, in the early hours after injection of radio-iodide a large proportion of 
the "I administered can be recovered in the skin. This amount is more than 
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can be accounted for on the basis of the relative proportion of the fresh body 
weight that the skin represents. Thus in two-day-old and adult rats 4 hr after 
injection skin content was 48 and 26%, of the dose; Lowrey (1913) gives the 
percentage fresh body weight of the skin of the albino rat at these ages as 21 
and 14% and the percentage of water as 85 and 55% respectively. The skin 
131] content is also higher than might be expected from the high chloride con- 
tent (Rothman, 1954), given a similar distribution of chloride and iodide ions. 
This suggests that an active concentrating mechanism may be present, a view 
that is supported by the results of experiments in which KSCN was given. 
The early uptake of "I by the skin may be prevented or reversed by giving 
thiocyanate. The skin: blood or skin: plasma concentration ratio for whole 
skin, including hair—which, however, contains no ™"I at this stage—is 2—4 in 
suckling or adult male rats and is reduced to less than 1-0 by thiocyanate. 
Adult female rats show S: P ratios of about 1-0, but here too the ratio is markedly 
reduced by thiocyanate, suggesting that an active concentration mechanism 
is involved. In adult male mice and in guinea-pigs no evidence of concentra- 
tion by the skin was obtained and thiocyanate had no effect on S: B ratios or 
on skin content at the doses employed. These findings are interesting as they 
indicate the presence of yet another extra-thyroidal iodide-concentrating 
mechanism in the rat, comparable with that of the placenta (Logothetopoulos 
& Scott, 1956), though less efficient than those of the gastric mucosa or 
mammary gland (Brown-Grant, 1957). The failure of the salivary glands of 
this species to concentrate radio-iodide (Cohen & Myant, 1959) remains a 
puzzle in view of the evidence that concentration occurs readily elsewhere in 
the body. A few determinations of salivary gland radioactivity in the suckling 
rats used in the present experiments gave no indication of any ability to 
concentrate radio-iodide. 

The diversion of a high percentage of an injected dose of "I to the skin in 
adult rats may be of importance in the interpretation of simple measurements 
of thyroidal uptake 1-8 hr after injection as indices of thyroid activity. It 
seems possible, for instance, that experimental procedures designed to produce 
‘stress’, or treatment with steroid hormones, might alter the skin uptake and 
thus the availability of I to the thyroid gland, in the same manner as gross 
variations in renal clearance. 

In suckling rats the skin content remains high for several days, possibly as 
a result of low renal excretion. Attempts to perform ‘release curves’ by 
measurements of thyroidal radioactivity in young rats in vivo were unsuccessful, 
because of the high level of non-thyroidal radiation. Such studies will require 
a highly collimated detector, the technical problem being analogous to that 
of measuring thyroid-gland "I in the presence of a high tissue background 
immediately after injection in the adult (Brown-Grant & Gibson, 1955). The 
internal recirculation of 1°41, as the skin content falls after 5-6 days, and the 
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external recirculation via the milk after urinary excretion, will further com- 
plicate any detailed measurement of thyroidal "I turnover in the sucklings. 
The general pattern, however—20% uptake by the thyroid, maximal at 
about 24 hr after injection and a release rate of about 10% /day—observed in 
the suckling rats studied is quite similar to that observed in weanling rats by 
Doniach (1957) and in the adult rats used in the present work. 

The anatomical distribution of the iodide in rat skin is at present under 
investigation. Ford, Corey & Gross (1957) have described a high concentration 
of 131], identified chromatographically as iodide, in the region of the hair 
follicles after the administration of !*!I-labelled thyroxine or triiodothyronine 
to guinea-pigs. 

After the initial high uptake of "I by the skin there is a fall, rapid in the 
case of the adult and slow in the case of the sucklings, until about 3% of the 
injected dose in each case remains in the skin. This "I is found to be mainly 
in the hair and is not dischargeable by thiocyanate; it must correspond to the 
hair iodine discussed by Leblond (1954) and Bangham & Terry (1957) and 
found by them to be mainly iodide. The quantitative aspects of this incorpora- 
tion of !*"] in the hair after a single dose of radio-iodide may be of importance. 
If 3% of the dose appears here, this fraction is not negligible in accurate 
studies of iodine metabolism in the rat: and the iodine cannot be considered 
simply as being partitioned between thyroid and kidney in dynamic analyses 
of the type carried out by Ruegamer (1953) for the dog and man. Further, in 
experiments in which large doses of "I are given to rats obvious precautions 
are adopted in the handling of urine, faeces and bedding. The presence of 
radio-iodine in significant amounts in dry, shed hair which may be inhaled 
may represent a previously neglected ingestion hazard of work with ™ I] 
carried out with this species. 

SUMMARY 

1. After injection of radio-iodide into suckling and adult rats a high per- 
centage of the dose can be recovered from the skin in the first few hours. 

2. The radioactivity of the skin at this time is due to the presence of radio- 
iodide in equilibrium with the blood; the uptake can be reduced or iodide 
already present can be discharged by administering KSCN. 

3. The high skin: blood ratios (2-0-5-0) observed, and the results of thiocyan- 
ate administration, suggest that an active concentrating mechanism is involved. 

4. No concentration was observed in the skin of the mouse or the guinea- 
pig and thiocyanate had no effect on skin content of I in these species. 

5. The initially high skin content of I falls rapidly in the adult and 
slowly in the suckling until about 3°% of the injected dose is present in the skin 
at 24 hr in the adult and at 260 hr in the suckling. This residual radio-iodide is 
present in the hair. 

6. Some implications of these findings are discussed. 
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Separate and combined perfusion of the isolated kidneys and 
suprarenals of the dog. By C. V. Greenway and E. B. Verney. 


Pharmacological Laboratory, University of Cambridge. 


A convenient modification of Lillie’s model of the nerve impulse. 
By K. J. Batcueipor. Clinical Psychology Department, Addenbrooke's 


and Fulbourn Hospitals, Cambridge 


Many students are helped by seeing Lillie’s model. An alternative electrolyte 
has been found which is less noxious than strong nitric acid with its fumes, 
gives a cleaner reaction, and permits greater control of the conditions. 

The original model consisted of an iron wire rendered ‘passive’ in strong 
nitric acid (Lillie, 1918, 1919, 1920, 1922). The wire is ‘stimulated’ with a piece 
of zinc, or by other chemical, mechanical or electrical methods. Refractory 
period, threshold phenomena, summation, electrotonus, etc., can all be 
imitated. 

The action of the acid is twofold: (1) it causes oxidation, depositing a film 
on the wire, (2) it acts as an acid, attacking the wire at the active portion. 
A mixture of hydrogen peroxide solution and nitric acid in which the pro- 
portion of acid is low (c.3%) produces the same result, is cleaner, and 
allows the two effects to be controlled by varying the proportions in the 
mixture. 

To obtain a slow impulse which is easy to see, thick wire should be used 
(gauge 10). It should be relatively pure, commercial galvanized iron wire being 
suitable if the galvanizing is first removed with dilute hydrochloric acid; the 
wire is then washed in water and wiped on a clean cloth. Place the iron wire in 
a flat dish, and cover with a mixture of hydrogen peroxide (20 vol.) and con- 
centrated nitric acid in the proportion 30:1. Add more acid drop by drop, 
testing the wire with a piece of zinc, until satisfactory propagation is achieved. 
If too much acid is added, causing the wire to effervesce continuously, more 
peroxide can be added. 
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If branches are formed by laying wires in contact, full-sized impulses travel 
down all branches (contrast with current electricity). An impulse can be set 
travelling round a loop (reverberating): two impulses set off in opposite 
directions, one of which must be stopped by temporary contact with platinum 
or by lifting a section out of the electrolyte. Passage of the impulse can be 
shown on a centre-zero meter by placing indifferent electrodes (platinum or 
aluminium) near the wire. If desired the impulse can be rendered invisible 
by the addition of a small quantity of acetone or alcohol which removes the 
gaseous products—it is then observed on the meter alone. The electrolyte needs 
to be stirred occasionally and may require a little more acid. 
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Action potentials from uterine sensory nerves. By E. A. Bower*. 
Physwological Laboratory, University of Cambridge 


The motor nerve supply to the uterus is well known, but the existence of a 
sensory supply is more controversial. Although there is a large and conflicting 
literature on the histology of the subject, no attempt to record from these 
nerves electrically appears to have been published. A technique is shown for 
recording action potentials from the uterine nerves of the rabbit. The animal 
is anaesthetized with 25°, urethane. A small Perspex platform is inserted 
under the broad ligament, which is then pinned out to display the nerve supply 
to one horn. This comprises four or five fine nerves lying close to the superior 
vaginal artery ; the finest one is about 50 u in diameter. The Perspex platform 
is shaped to act as a light guide which can illuminate the preparation from 
below. With the aid of a binocular dissecting microscope one of these nerves 
can then be dissected out, cut, and lifted on to a silver wire electrode. Great 
care must be taken to keep the preparation warm and moist. 

Action potentials can be recorded from the peripheral ends of the uterine 
nerves in response to mechanical stimuli applied to the uterus, Fallopian tube 
or broad ligament. The stimuli used are digital pressure and traction, and 
distension of the uterus with a balloon. The pressure inside the latter is recorded 
by a membrane manometer. By selecting a fine nerve and localizing the 
stimulus, a single active fibre can sometimes be studied. Active preparations 


have been obtained from oestrous, pseudopregnant, pregnant and immature 
rabbits. 


* M.R.C, scholar. 
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The action potentials appear to fall into two groups, those of the first group 
being at least twice as large as those of the second. The absolute sizes of the 
potentials depend on the recording conditions, but with the technique 
described typical values are 60 »V for those of the first group and 30 »V for 
those of the second. Fibres belonging to the first group are mostly excited by 
stimulation of the broad ligament; they adapt quickly to touch and slowly to 
pressure. Those of the second group are mostly excited by stimulation of the 
uterus; e.g. in one experiment distension by a pressure of 40 mm Hg caused a 
sustained discharge at 5/sec. These results are readily repeatable if the prepara- 
tion is kept in good condition. The second group of fibres seems much more 
susceptible to cooling and mechanical damage than the first. 

After an experiment, the nerve studied is usually stained in 0-75°% osmic 
acid for 24 hr, dehydrated, cleared and mounted whole. The nerves are com- 
posed mainly of non-myelinated fibres, with a few myelinated fibres which 
stand out very clearly by contrast. Some nerves which appeared to contain 
several active fibres when studied electrically were seen to contain only non- 
myelinated fibres when examined histologically. Where myelinated fibres 
were seen there were usually too few of them to account for the number af 
active fibres identified electrically. 

These results suggest that the uterus and the broad ligament contain many 
mechano-receptors, at least some of which are supplied by Soc-myemnated 
nerve fibres. 


Pancreatic Pacinian corpuscles. By T. A. Quitiiam. Department of 
Anatomy, University College London 


Earlier light-microscope studies of the Pacinian corpuscle found in cat mesentery 
have provided a considerable amount of information about its nerve fibre 
(Quilliam & Sato, 1955) and the lamellae of its outer zone (Hubbard, 1958). 
The electron microscope has enabled the minute cytoplasmic units of the 
central core to be clearly visualized for the first time (Pease & Quilliam, 1957). 
However, the morphological organization which was proposed for the latter 
is somewhat complex and differs from that postulated by other light micro- 
scopists (Cauna & Mannan, 1958). Some uncertainty about this proposition 
also exists in view of the possibility of artifacts having been introduced by pre- 
fixation micro-manipulation and by less than perfect fixation. Considerable 
difficulties are also experienced in tracing the tortuous course of slender 
cytoplasmic processes in ultra-thin sections. 

It has therefore seemed desirable to try to reproduce the electron micro- 
scopic appearances with thicker sections and this has been done by reverting 


to light microscopy. Fixation of a somewhat lower order of perfection is 
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acceptable and so small pieces of pancreatic tissue containing Pacinian cor- 
puscles in situ can be processed, thus reducing shrinkage and distortion. The 
material used was of special interest since reports have appeared elsewhere 
ascribing a diverse morphology to Pacinian corpuscles from different species 
and from various sites. 


intermediate growth zone 


In the present work, the morphological organization suggested by Pease & 
Quilliam (1957) receives considerable support since it is possible to confirm the 
presence in light microphotographs of the following features within the central 
core: 

(1) Two symmetrical groups of curved cytoplasmic plates separated by a 
narrow radial cleft sometimes containing a slender spoke-like process. 

(2) An unmyelinated nerve ending, axially, which is oval in cross-section. 
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Micropipette recording from fish retina. By P. Gouras. Physiological 
Laboratory, University of Cambridge 


Measurement of extracellular currents and potentials in the spinal 
cord of the frog. By D. J. Dewxurst. Physiological Laboratory, 
Unwwersity of Cambridge 
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The mode of vibration of the ear drum and ossicles in the guinea- 
pig. By B. J. Hitis and B. H. C. Marruews. Physiological Laboratory, 
University of Cambridge 


A device which finds the code for two binary inputs causing least 
activity in the outputs. By H. B. Bartow and P. E. K. Donapson. 


Physiological Laboratory, University of Cambridge 


Length, tension and electrical activity in the human biceps and 
triceps. By F. W. Camppett and J. G. Rosson. Physiological 


Laboratory, Unwersity of Cambridge 


A negative-resistance power supply for stabilizing the speed of 
small electric motors. By P. E. K. Dona.pson and J. G. Rosson. 


Physiological Laboratory, University of Cambridge 


A compact mains-driven amplifier for class use. By P. E. K. 
DonaLpson. Physiological Laboratory, University of Cambridge 


The Piper rhythm. By P. A. Merton. National Hospital, Queen Square, 
London, W.C.1 


The acute effects of injection of thyrotrophic hormone, or of 
electrical stimulation of the hypothalamus, on thyroid activity. 
By H. J. Campsett, R. Georce and G. W. Harris. Department of 
Neuroendocrinology, Institute of Psychiatry, Maudsley Hospital, Denmark 
Hill, London, S.E. 5 


In order to investigate acute changes in thyroid function, the radioactivity of 
blood samples taken from the thyroid vein (V) were compared with the radio- 
activity of arterial blood samples (A). Rabbits, injected with 20-80 ywc™ I 
48 hr previously, were anaesthetized with chloralose and urethane, and fine 
polythene cannulae inserted into a thyroid vein and a saphenous artery. 
Clotting was prevented with heparin. Small blood samples were collected at 
15 min intervals, and the difference in radioactivity of the venous and arterial 
samples (V—A) measured. The first few samples showed a sharply decreasing 
V—A value, which then approximated to zero. This probably represents the 
thyroid inhibition consequent to anaesthesia and surgical trauma. In control 
experiments lasting 6-8 hr the V—A difference was maintained at this low 
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value. Following injection of thyrotrophic hormone (TSH) an increase in the 
V—A difference was usually apparent within 15-30 min. This increase reached 
a peak value in 1-2 hr and was maintained for at least several hours. Electrical 
stimulation of various areas in the hypothalamus or pituitary gland, by 
previously implanted electrodes, showed that stimulation in the hypothalamus 
might evoke an increase in the V—A difference similar to that following 
injection of TSH. Subsequent examination of serial sections through the hypo- 
thalamus and base of the skull in these animals showed that positive responses 
were obtained when the electrodes were placed anteriorly, in or near the 
supraoptico-hypophysial , tract. Negative responses were correlated with 
electrodes in other sites in the hypothalamus, or in the pituitary gland. The 
rapid increase in radioactivity of thyroid vein blood, induced by injection of 
TSH or hypothalamic stimulation, was reflected by a small and slow rise in 
arterial blood radioactivity. Examination of blood samples obtained from the 
thyroid vein at or near the peak of responses induced by injection of TSH or 
hypothalamic stimulation showed that 86-5-97-5% of the ™'I was organically 
bound. Intravenous administration of adrenaline or noradrenaline (infused at 
a rate of 2-5-10 g/min, or injected in doses totalling 50-250 yg) did not excite 
an increase in the V—A difference and did not modify the response to TSH. 

These results show that: (1) an acute preparation may be satisfactorily used 
for investigation of factors influencing thyroid function, thus confirming 
Séderberg (1958); (2) the thyroid responds rapidly to an increased concentra- 
tion of TSH in the blood; and (3) electrical stimulation of the region of the 
supraoptico-hypophysial tract in the hypothalamus causes an increase in 
thyroid activity, as observed by Harris & Woods (1958) in chronic experiments. 
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Stimulation by distension of collagen formation in the rat’s 
uterus. By Beutan M. Cutten and R. D. Harkness. Department of 
Physiology, University College London 


Previous observations on the collagen content of horns containing different 
numbers of foetuses in rats (Harkness & Harkness, 1956) suggested that 
distension is a major factor in stimulating growth of the collagen in the uterus 
during pregnancy. It. is impossible, however, to exclude other local in- 
fluences, and the present work was designed to test directly the effect of 
distension. 

Virgin albino rats spayed 2-4 weeks previously were given a standard 
hormonal treatment which has been shown to produce changes in the cervix 


ute 
(Cu 
Up 
Ste 

fro 
dus 
dis 
vas 
the 
sul 
to 
ho 
on 
| to 
: tic 
b 
co 
OI 
i 
a 
e 


SOCIETY, 23 MAY 1959 7P 


uteri resembling those taking place between the 12th and 17th day of pregnancy 
(Cullen & Harkness, 1958), i.¢. : 

Day 0. Ocstradiol (oestradiol cyclopentylpropionate, ‘Depo-oestradiol’, 
Upjohn), 10 wg in 0-1 ml. oil. 

Days 3-10. Progesterone (B.P.) 10 mg/day in 0-5 ml. olive oil. 

Days 3, 5, 7 and 9. ‘Relaxin’ 75 units in 0-1 ml. of beeswax and oil (Kroc, 
Steinetz & Beach, 1959). 

All these substances were given subcutaneously. Collagen was estimated 
from the hydroxyproline content of the tissues (Neuman & Logan, 1950). 

The uterus was distended with paraffin wax (m.p. 45° C) which was intro- 
duced under ether anaesthesia through a blunted serum needle (0-9 mm 
diameter), tipped with polythene, inserted into the cervical canal through the 
vagina under direct vision. Wax at room temperature was forced through 
the needle by a screw-driven piston clamped to the bench. Several other 
substances were tried besides paraffin wax, but this showed the least tendency 
to be extruded from the uterus and also gave the most even distension of the 
horn. One horn was distended and the other was used as a control. 

In the first experiments 200 mg of wax was injected every day, beginning 
on day 3, and the animals were killed on days 5, 7 and 11. By day 11 the 
total collagen content of the distended horns was about twice that of the 
undistended ones. Increase in total collagen was accompanied by propor- 
tionately rather greater increase in weight. 

Evidence that this was not simply a local effect of the wax was obtained 
by varying the amount injected over a standard time (8 days). The total 
collagen content of the horn was found to increase with the amount of wax 
used. The maximum amount used over this period was about 4 ml. which 
produced a threefold increase in the weight and collagen content of the horn 
on the distended side. This is rather more than the increase to be expected 
in a gravid horn containing one foetus at term (Harkness & Harkness, 
1956). 

Histological examination of the distended horns showed an intact healthy 
epithelium and little difference from the undistended horns except for changes 
accounted for by growth, e.g. increased epithelial surface. There was no 
evidence of inflammatory response to the wax. 


We are grateful to the Medical Research Council for a grant for this work. ‘Relaxin’ was 
kindly provided by Dr R. L. Kroc of the Warner-Lambert Laboratories. 
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The effect of ouabain on the efflux of sodium from a squid giant 
axon. By P. ©. Carpwett and R. D. Keynes. Laboratory of the 
Marine Biological Association, Plymouth 

The cardiac glycosides have recently been shown to block the active transport 


of ions in a wide variety of tissues (for references see Glynn, 1957; Edwards & 
Harris, 1957). When 10-°m ouabain was added to the sea water bathing a squid 
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Fig. 1. The effect of ouabain on the sodium efflux from a squid axon. At the first arrow a 12 mm 
column of 10-* m-ouabain in 0-57 m-KCl was injected into the axon with a 112 » microsyringe. 
At the second arrow 10-* m ouabain was added to the sea water outside. Axon diameter 
384 u. Temperature 19° C. Size of action potential in the injected region was 105 mV, both 
at beginning and at end of experiment. 


axon, the rate constant for emergence of **Na was at once reduced from 0-0017- 
0-0040 min- in the normal axon to 0-00051 min (average for 7 experiments) 
in the poisoned one. This drop in sodium efflux was not accompanied by any 
obvious change in the sizes of the resting or action potentials, measured with 
an internal electrode. Nor was it readily reversible, since it persisted for at 
least an hour after reverting to ouabain-free sea water. Unlike the normal 
sodium efflux (Hodgkin & Keynes, 1955; Caldwell and Keynes, 1957) the 
residual efflux in a ouabain-treated axon seemed to be rather insensitive to 
removal of external potassium, to blockage of metabolism with CN, or (in an 
axon treated with ouabain and CN) to injection of ATP. 

In contrast to the immediate effect of applying ouabain externally, injection 
of a 10-* m solution of the drug into squid axons by the technique described 
by Hodgkin & Keynes (1956) had no effect on the sodium efflux. This was true 
even for the exceptionally small axon used in Fig. 1. There was no simple way 
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of verifying whether the injected ouabain became uniformly distributed within 
the axon, but molecules of comparable size like ATP seem able to diffuse 
through the axoplasm. An alternative explanation for the apparent failure 
of ouabain to act internally would be that it competes with potassium for 
some sort of carrier (see Glynn, 1957), and [K] is, of course, over 30 times 
higher inside than outside. 
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The minor role of histamine in the vascular permeability 
changes in mild thermal injury. By D. L. WuxHetm. Lister 
Institute of Preventive Medicine, London, S.W. 1 


Mild thermal injury was induced in the depilated skin of unanaesthetized 
guinea-pigs (ca. 700 g) and rats (ca. 300 g) by applying a copper disk, 9 mm 
diameter, heated to 54° C. In animals previously given intravenous pontamine 
blue, increased vascular permeability at the heated site was indicated by local 
exudation of dye. 

In guinea-pigs, the injured sites exhibit two distinct permeability responses : 
(1) immediate, best elicited by 5 sec heating, appearing in 1 min and lasting 
not more than 10 min; (2) delayed, elicited by 20sec heating, developing 
$-1 hr after heating, maximal at 3—4 hr and declining in 6-8 hr (Wilhelm & 
Mason, 1958). 

The immediate response, which is accompanied by mild oedema, is almost 
certainly mediated by liberated histamine. The response is suppressed by nine 
antihistamines, given intravenously, according to their relative potencies in 
decreasing the permeability effect of histamine injected intracutaneously in 
the guinea-pig; it is highly susceptible to the prior injection of the most 
effective antihistamine, triprolidine, 100 .g/kg intravenously, or 2 wg intra- 
cutaneously at the test site; and histamine sufficient to induce a similar 
vascular response is recoverable from skin samples previously heated in vivo. 
The oedema is also repressed by triprolidine. The delayed response, on the 
other hand, is unaffected by intravenous triprolidine, given before or during 
its maturation. 

In rats, the immediate response is minimal. Heating at 50-56° C for 5-20 sec 
only occasionally induces faint local blueing; but, as in guinea-pigs, regularly 
induces oedema, which is moderately suppressed by intravenous triprolidine 
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0-5 mg/kg. A minimal response in the rat is to be expected because, although 
rat skin contains more histamine liberable by heating im vitro than does 
guinea-pig skin, rat capillaries are about 25 times more resistant than guinea- 
pig capillaries to the permeability effect of histamine (Sparrow & Wilhelm, 
1957). The delayed response, regularly induced by heating at 54° C for 15-20 
sec, has a time course like that in guinea-pigs, and is similarly insusceptible 
to triprolidine. Spector & Willoughby (1952) obtained similar results in rats. 

In summary, histamine appears to mediate only an immediate permeability 
response, which is minor in the guinea-pig and minimal in the rat; end since 
antihistamine blockade of the immediate response in no way affects the 
maturation of the major delayed response, the histamine permeability effect 
has no necessary function as an initiator of later events. 

The two permeability responses in thermal injury are similar to those induced 
in skin by other kinds of injury, e.g. ultra-violet light (Miles & Wilhelm, 1959), 
bacterial infection (Burke & Miles, 1958), and injected clostridial toxins 
(Elder & Miles, 1957). In none of them has the mediator of the delayed re- 
sponse yet been determined. 
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Thyroxin and the reaction of the mammary glands to ovarian 
steroids in hypophysectomized rats. By Dora Jacossoxn. 
Institute of Physiology, University of Lund, Sweden 


Administration of ovarian steroids produces growth of the mammary glands 
in castrated animals. After hypophysectomy this effect of ovarian hormones 


is considerably reduced or, as in the rat, abolished (Folley, 1952). Treatment — 


of hypophysectomized rats with long-acting insulin, alone or together with 
cortisone, in addition to ovarian steroids, results in mammary gland growth. 
The growth response is dependent upon the balance between insulin and 
cortisone (Ahrén & Jacobsohn, 1956, 1957). From these and other findings it 
is concluded that the failure of the mammary glands to grow is largely due to 
metabolic abnormalities prevailing after hypophysectomy (Jacobsohn, 1958). 
The growth of the mammary glands obtained by the above-mentioned treat- 
ment with insulin and cortisone was limited. In order to see whether the 
growth response of the mammary glands could be increased by addition of 
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another hormone with metabolic actions, thyroxin, the present experiments 
were performed. 

Rats were castrated at 21 days of age, and about 10 days later the pituitary 
gland was removed. Daily injection of hormones (oestradiol-benzoate 0-5-2 yg, 
progesterone 8 mg, cortisone 0-125 mg, insulin lente increasing from 1 to 24 i.u. 
and thyroxin 2-5 yg) in various combinations (see below) was begun 3 weeks 
after hypophysectomy. Examination of the mammary glands after periods 
of treatment varying from 7 to 44 days (mostly 1 month) showed that: (1) The 
growth occurring in the mammary glands after treatment of the hypophys- 
ectomized rats with thyroxin, insulin, cortisone and ovarian steroids was 
considerably more extensive than that obtained in hypophysectomized rats 
subjected to the same treatment but not given thyroxin. An increase in body 
length was also observed after addition of thyroxin to the other hormones 
mentioned. (2) Administration of thyroxin and ovarian steroids without 
insulin and cortisone resulted only in a development of end buds and an 
enlargement of the area covered by the mammary gland. (3) Thyroxin alone 
had no effect on the mammary glands of hypophysectomized rats. 
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Respiration and environmental temperature in young rabbits. 
By K. Apamsons. Nuffield Institute for Medical Research, University of 
Oxford 


Dawes & Mott (1959) showed that in new-born rabbits the hyperpnoea caused 
by administration of 10° O, was well maintained in a warm environment, but 
was poorly maintained or absent in a cool environment. The object of the 
present experiments was to determine the relationship of this phenomenon to 
the rate of O, consumption and body temperature. 

Observations were made on twenty-one rabbits 0-5-28 days old, anaesthe- 
tized with urethane or pentobarbitone. A tracheal cannula was connected to a 
closed-circuit respiration apparatus, of the type described by Cross, Dawes 
& Mott (1959) but much reduced in size, for the measurement of O, con- 
sumption. The spirometer was designed to record tidal air accurately at re- 

spiration rates up to 240/min. 

' ‘In a warm environment (at the neutral temperature, at which O, consump- 
tion is minimal) new-born rabbits responded to 10% O, with a maintained 
hyperpnoea and no significant fall in 0, consumption. When the environmental 
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temperature was reduced, O, consumption increased up to twofold, even in a 
50 g rabbit on the first day after birth; nevertheless, rectal temperature began 
to fall. The minute volume of respiration also increased. 


Administration of 10% O, in a cool environment caused a fall in O, con- 


sumption to just above the level observed at the neutral temperature, similar to 
that seen by Hill (1958) in unanaesthetized young kittens and adult guinea-pigs. 
The minute volume of respiration was increased slightly in some rabbits, in 
others it was reduced, at a time when the rectal temperature had fallen 1-2° C. 
It is therefore evident that changes in environmental temperature which alter 
the rate of O, consumption also modify the respiratory response to anoxia. 
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Reflex responses of the pulmonary vascular bed. By I. pz Bure 
Daty* and M. pe Bures Daty.t Institute of Animal Physiology, 
Babraham, Cambridge, and the Department of Physiology, University 
College London 

We have shown previously (Daly & Daly, 19576) that stimulation of the 

carotid body chemoreceptors causes a reflex decrease in pulmonary vascular 

resistance due to an effect on lung blood vessels. The method used, however, 

did not enable us to establish whether this effect was a direct reflex response 

of the pulmonary vascular bed proper, i.e. pulmonary vasodilatation, or was 

passive due to reflex bronchial vasomotor changes causing an alteration in the 
distribution of blood between the bronchial and pulmonary vascular systems 

(Berry & Daly, 1931). For the same reason, no conclusive evidence was 

obtained for a reflex originating from the carotid sinus baroreceptors (Daly & 

Daly, 1957a). Unequivocal evidence for a reflex acting on the pulmonary 

vascular bed proper can only be obtained by repeating the tests during 

temporary interruption of blood flow through the bronchial vascular 


To meet the necessary requirements for the demonstration of pulmonary 
vasomotor reflexes (I. de B. Daly, 1956), the ‘vasosensory controlled perfused 
living animal’ preparation was devised. The method involved simultaneous and 
separate perfusions of the vasosensory areas of the carotid sinuses and bodies 
and of the aortic arch, of the cerebral circulation, the vascular bed of the 

* Present address: University Laboratory of Physiology, Oxford. 
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descending thoracic aorta and the pulmonary circulation. Alterations in 
pulmonary vascular resistance were indicated by a change in the pressure 
gradient across the pulmonary vascular bed at constant pulmonary arterial 
blood flow and constant left auricular pressure. Blood flow through the 
bronchial vascular system was temporarily interrupted by switching off the 
pump perfusing the vascular bed of the descending thoracic aorta, thereby 
reducing the bronchial arterial pressure to zero. 

The results, obtained at zero bronchial arterial pressure, were as follows: 
(1) Stimulation of the baroreceptors in the carotid sinuses or in the aortic arch 
by raising the carotid sinus or aortic arch pressure respectively caused a re- 
duction in pulmonary vascuiar resistance. (2) Stimulation of the carotid body 
chemoreceptors by venous or by hypoxic blood caused an increase in pulmonary 
vascular resistance. (3) The responses in (1) and (2) were abolished by destruc- 
tion of the stellate ganglia and upper thoracic sympathetic chains. 

It is concluded that the pulmonary vascular bed proper is under reflex 
control but that the responses may be masked by concomitant haemodynamic 
events occurring in the bronchial vascular system (Daly & Daly, 1957a, b). 
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Observations on the control of secretion of aldosterone. By 
MarGARETHE HouzBaver and Martue Voet. Department of Pharma- 
cology, University of Edinburgh 

At a previous meeting of the Society, we described a method of estimating 

aldosterone in plasma from the left adrenal vein of the dog and the changes in 

secretion obtained in acute experiments by altering the circulatory volume. 

By collecting several saraples of adrenal blood from the same dog it was possible 

to show that reduction in blood volume led to a rapid rise in aldosterone 

secretion. 

In a search for the receptors responsible for the increased output of aldo- 
sterone we have now observed (1) that the response to haemorrhage is un- 
impaired after evisceration; essential receptors can therefore not be present 
in liver or gastro-intestinal tract; (2) that the response disappears after 
dividing the splanchnic nerves on both sides, but persists if the splanchnics 
are only divided on the side from which adrenal vein blood is being collected. 
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From this we infer that fibres running in the splanchnic nerves form part of 


a pathway the function of which is to stimulate aldosterone secretion when 
there has been loss of blood. 

Fibres controlling the reduction in aldosterone secretion which follows 
expansion of the circulatory volume have been discovered in the vagi by Mills, 
Casper & Bartter (1958). It would appear that there are a number of pathways 
through which the rate of aldosterone secretion can be modified. 
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Potassium exchanges in rabbit auricles. By M. WeaTHERALL. Depart- 
ment of Pharmacology, London Hospital Medical College, London E. 1 


Left and right auricles have been immersed in modified Krebs’s saline at 29° 
or 37° C and the efflux of “K observed after a period of soaking in “*K enriched 
medium. The efflux from quiescent left auricles departs only slightly from a 
single exponential process, with initial rate constant about 0-017 min~ at 
37° C or 0-013 min at 29°C. The efflux from spontaneously beating right 
auricles and from electrically driven right or left auricles is initially faster 
(k about 0-032 min- at 37° C or 0-021 min- at 29° C) than in quiescent auricles, 
but the rate constant decreases considerably to about 0-010 min- at 37° C or 
0-006 min at 29° C after about two-thirds of the “*K has been lost. The decline 
in rate has hitherto been observed only in beating auricles, and has been attri- 
buted to effects of alternating contraction and relaxation (Rayner & Weatherall, 
1959). However, when carbachol is applied in concentrations (2 um) just 
sufficient to arrest contractions, the “*K efflux is initially accelerated, and later 
declines as in beating tissues: again about two-thirds of the tissue potassium is 
apparently involved in the rapidly exchanging fraction. The simplest explana- 
tion of these observations is that the tissue potassium is present in at least two 
fractions, one of which exchanges relatively slowly and is insensitive to carbachol 
- and to the events of contraction. Exchange of the other is accelerated by 
increasing the permeability of the cell membrane, either by carbachol or by 
intermittent depolarization. Without such treatment, i.e. when the membrane 
is in the resting state, the exchange rates of the two fractions are sufficiently 
similar for no distinction to be evident. Such division of the auricle potassium 
has considerable significance in the interpretation of membrane potential 
measurements, as the potassium in the two fractions is not necessarily present 
in the same concentration in each. If the potassium of the slow fraction is 
chemically combined, or concentrated in sarcosomes, it will not contribute to 
the concentration of potassium in the cytoplasm, and the discrepancy between 


(Va 


Ra 
po 
fluc 
hep 
For 
wit 
aC 
flow 
a 
the 
abo 
and 
pe 
con. 
pro 
bo 
M xX 
the 
was 
i col 
wel 
gre 
(2) 
ce 
per 
san 
tha 


SOCIETY, 23 MAY 1959 15P 


the observed membrane potentials and the theoretical potassium potentials 
(Vaughan Williams, 1958, for references) would be largely accounted for. 
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The release of stored sulphobromophthalein by perfused rat 
livers. By W. H. H. Anprews and I. pet Rio Lozano. Department of 
Pharmacology, St Mary’s Hospital Medical School, London, W. 2 


Rat livers were perfused with oxygenated Ringer—Locke solution via the 
portal vein at a standard rate of about 0-8 ml./g liver weight/min. Sodium 
sulphobromophthalein (BSP) in isotonic saline was added to the perfusing 
fluid at the rate of 2 mg/min for 5-10 min and collection of samples from the 
hepatic vein was begun immediately the administration of BSP had ceased. 
For the first 5-9 min the concentration of BSP in the outflow fell exponentially 
with time: drainage of BSP contained in the vessels appeared to be taking 
place during this period. After this period the BSP concentration in the out- 
flow again fell exponentially but with a smaller decay constant. | 

During the second period the liver cells appeared to be releasing BSP, and 
the average time for the concentration of BSP to fall to half its value was 
about one hour. 

Chromatographically, the released BSP differed from that originally added 
and on passage through a second liver was far less readily removed from the 
perfusion fluid. The perfused liver released protein in addition to BSP, but 
control experiments showed that the protein did not account for the altered 
properties of the released BSP, and dialysis indicated that some BSP was 
bound to protein and that the rest was in the free form. Sodium cyanide, 
mx 10-4, did not affect the uptake or release of BSP in these experiments. 

An increase of perfusion flow increased the rate of BSP release but decreased 
the concentration in the outflow. The effect of complete interruption of flow 
was assessed, the concentration of BSP being measured in the outflow sample 
collected immediately after resumption of flow. The following observations 
were made: (1) The concentration of BSP in the ‘resumption’ sample was 
greater but not more than three times that found during the standard flow. 
(2) The duration (2-8 min) of the interruption of flow did not affect the con- 
centration in the ‘resumption’ sample. (3) In experiments when the flow was 
periodically interrupted the decrease. of concentration in the ‘resumption’ 
samples was also exponential with regard to time. 

We consider that the release of BSP into the sinusoids is a physical rather 
than a chemical process, the BSP behaving as if it were partitioned between 
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cells and Ringer-Locke solution. The half-life of the hepatic BSP is greater 
than the time for the outflow concentration to fall to half its value; it appears 
therefore that in the conditions of these experiments the hepatic BSP may 
exist in stable and labile fractions, and that the Ringer—Locke solution is in 
equilibrium with the labile fraction only. In one experiment the calculated 
stable and initial labile fractions were 3-5 and 5 mg respectively. There was 
virtually no bile secretion in these experiments. 


The work was assisted by a grant from the Medical Research Council. 


Effects of changes of cardiac input on the cerebrospinal fluid 
pressure of the perfused cat. By F. Howarrs. Department of 
Pharmacology, University of Cambridge 

The perfusion technique was similar to that described by Howarth (1953) and 
by Grundy & Howarth (1957). In brief, cats of 2-2-5 kg were anaesthetized 
with intraperitoneal sodium pentobarbitone (30-40 mg/kg) and the superior 
and inferior venae cavae and azygos vein divided and cannulated via the 
third and seventh intercostal spaces. Blood from the distal ends of these 
vessels was led through an apparatus whence it was returned via the proximal 
end of the superior vena cava. The cardiac input and the pressure in each of the 
venous channels could be modified at will and after perfusion these pressures 
were restored to their pre-perfusion values. The rates of flow from each of the 
great veins could be determined as required. In six of these preparations the 
intercostal spaces were closed round the cannulae, artificial respiration dis- 
continued and the cat allowed to breathe spontaneously. The cerebrospinal 
fluid pressure was determined either by a cannula tied into the sacral sub- 
arachnoid space or by cisternal puncture. 

In each of eighteen animals the cardiac input was increased several times 
by amounts sufficient to give increments of blood pressure ranging between 
10-100 mm Hg. In addition to the rise of blood pressure, an increase in 
cardiac input caused a rise of both cerebrospinal fluid and venous pressures. 
It was found that most of the increase in cerebrospinal fluid pressure was due 
to the increase in venous pressure. 

The cardiac input was reduced in ten animals so as to give decrements in 
blood pressure ranging between 10-100 mm Hg. Immediately after the re- 
duction of cardiac input each of the various pressures and flow rates fell, but 
after a short time the cerebrospinal fluid pressure usually started to rise, some- 
times attaining or even exceeding its starting level. This unexpected effect 
appeared unrelated to any of the changes in the vascular pressures or flows, 
which often remained steady at their reduced levels. When the cardiac input 
was restored the cerebrospinal fluid pressure often showed a marked but 
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temporary rise above its initial value. The mechanisms of these phenomena are 
under investigation. 
REFERENCES 
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The uptake of oxygen-15 compared with oxygen-16 in the lung. By 
N. A. Dyson, J. D. Stnciare and J. B. West. M.R.C. Radiotherapeutic 
Research Unit and Postgraduate Medical School, Hammersmith Hospital, 
London, W. 12 


Oxygen-15 is a cyclotron-produced radioactive isotope with a half-life of 
2min. Its properties make it particularly suitable for investigating pulmonary 
physiology in man. Thus, regional function has been measured by external 
counting of the radioactivity in the lungs after a single inspiration of the 
isotope (Dyson, Hugh-Jones, Newbery & West, 1958). The initial counting rate 
is a measure of the regional ventilation, while the fall in activity during breath- 
holding is largely a measure of regional perfusion. 

Oxygen-15 is removed from alveolar gas faster than oxygen-16, if the rate of 
removal is expressed as a percentage fall of the initial alveolar level, or 
‘clearance rate’. 

This apparent discrepancy has been investigated by comparing the two 
clearance rates in normal subjects at rest and exercise and also at high and low 
alveolar oxygen tensions. Alveolar gas samples were taken before and after 
_ 15sec of breath-holding and analysed for the concentration of oxygen-16 in a 
mass spectrometer and of oxygen-15 in an ionization chamber. Alveolar 
oxygen tensions were varied by administering the isotope in mixtures of high 
and low oxygen content. 

The ratio of clearance rates of oxygen-15 to oxygen-16 in subjects breathing 
air was 2-6:1 at. rest and I-3:1 at moderate exercise. At alveolar oxygen 
tensions of 48 and 464 mm Hg the ratios were 6-4:1 and 1-9:1 respectively; 
and even when alveolar oxygen tension was reduced to the mixed venous level, 
there was still a high clearance of oxygen-15. After continuous breathing of 
100°, oxygen, which raised the alveolar tension to 674 mm Hg, the ratio of 
clearances was 5-0: 1. 

The more rapid clearance of oxygen-15 occurs because of its absence from 
mixed venous blood, in contrast to the appreciable tension of oxygen-16 
therein. It is possible to predict a clearance rate of the radioactive isotope by 
considering the rate of change of tension and saturation of both oxygen-16 and 
oxygen-15 along the pulmonary capillary. The observed results agree satis- 
factorily with those predicted. 
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Action of a-methyldopa on brain and intestinal 5-hydroxy- 
tryptamine in mice. By 8. E. Smrra. Department of Pharmacology 
and Therapeutics, St Thomas’s Hospital Medical School, London S.E. | 


Sourkes (1954) showed that «-methyldopa is a potent inhibitor of dopa 
decarboxylase. Westermann, Balzer & Knell (1958) found that it acted also 
against 5-hydroxytryptophan (5-HTP) decarboxylase and demonstrated its 
action on guinea-pig adrenal medulla. In the present experiments, the effect 
of «-methyldopa on mouse brain and intestine was measured. Enzyme activity 
was assessed as the amount of 5-hydroxytryptamine (5-HT) formed in 30 min 
from 5-HTP (1 »mole/ml.) in the presence of iproniazid (1 »mole/ml.). 5-HT 
was assayed fluorimetrically (Weissbach, Waalkes & Udenfriend, 1958). Three 
groups of investigations were performed. 

Experiments in vitro showed that a-methyldopa inhibits brain 5-HTP 
decarboxylase, 0-0012 umole/ml. producing 50% inhibition. Pyridoxal-5- 
phosphate 2 ug/ml. was found to antagonize this inhibition, 0-0012 ymole/ml. 
a-methyldopa now having no action and 0-1 »~mole/ml. producing only 33% 
inhibition. Combination of «-methyldopa and pyridoxal-5-phosphate to form a 
Schiff base could explain these findings. Because of this, no pyridoxal-5- 
phosphate was added in the decarboxylase estimations in the following 
experiments. 

Single doses of «-methyldopa (100 mg/kg subcutaneously) in mice greatly 
inhibited brain and intestinal decarboxylase. This inhibition was maximal at 
4-1 hr after administration and disappeared after 8hr. Brain 5-HT con- 
centrations were reduced to 70% of controls at 1 hr, thereafter returning to 
the control value. Intestinal 5-HT concentrations were not affected. 


TaBLe 1. Mean brain and intestinal 5-HT (ug/kg body wt.) after a-methyldopa 
400 mg/kg subcutaneously at 4-hourly intervals 


No. of 
Groups animals Brain Intestine 
Controls 4 21-2 204 
12 hr 4 10-2 170 
24 hr 4 8-7 127 


Groups of mice were given a-methyldopa 400 mg/kg subcutaneously at 
4-hourly intervals and killed after 12 or 24 hr of treatment. During treatment 
each animal became very drowsy and still, but was easily roused on being 
disturbed. Brain and intestinal 5-HT concentrations are shown in Table 1. 
These results show that «-methyldopa is an effective decarboxylase inhibitor 
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in vivo and, in sufficient dosage, produces a fall in brain and intestinal 5-HT 
concentration. 
Thanks are due to Messrs Merck, Sharp and Dohme, U.S.A., for a supply of a-methyldopa. 
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Independence of the hyperglycaemic and the nitrogen catab /lic 
effects of cortisone. By O. E. Pratt. Department of Neuropathology, 
Institute of Psychiatry, Maudsley Hospital, London, S.E. 5 . 


Both the diabetic state and cortisone administration commonly lead to a 
negative nitrogen balance, so that a possible explanation of cortisone-induced 
nitrogen loss may be an excessive break-down of nitrogenous compounds 
secondary to diabetes with impaired ability to use carbohydrate due to insulin 
lack. Thus cortisone-treated rabbits and rats were given sufficient long-acting 
insulin to avoid hyperglycaemia or glycosuria and determinations were made 
of blood urea, nitrogen balance, and urinary nitrogen output. 

Cortisone acetate suspension (up to 50 mg/kg) was given intramuscularly 
_ daily-to twenty-five rabbits weighing 1-4 kg, of which eighteen also received 
twice daily protamine zinc insulin (10-80 units/day). For a control period they 
received injection vehicle only. The animals were given a commercial pellet 
diet (No. 18, British Flour Millers) and water ad lib. Urine and faeces were 
collected and food intake measured for various periods up to 36 days. 

All the animals given either cortisone or cortisone with insulin lost or failed 
to gain body weight and showed a negative nitrogen balance after 2-6 days, 
despite an increased food intake. The nitrogen loss was accounted for mainly 
by increased urea excretion. The blood urea began to rise on the second or third 
day of cortisone treatment, whether insulin was given also or not. The mean 
control blood urea was 24-8 + 6-01 mg/100 ml. (s.D.), that of the cortisone-only 
group 37-8 + 9-57 mg/100 ml. and of the cortisone-with-insulin group 47-5 + 14-3 
mg/100 ml. All differences are significant (P < 0-05). The urine of both 
experimental groups was of low specific gravity and tended to be about twice 
the control volume. Both experimental groups showed Na retention. The 
cortisone-induced aminoaciduria was greatly reduced by insulin. Severe 
suprarenal atrophy from the prolonged cortisone treatment suggested androgen 
deficiency as a factor in the nitrogen loss. Therefore, five animals in the insulin- 
treated group which had developed a severe nitrogen loss were given in addition 
intramuscular testosterone propionate (10-40 mg/day), but the negative 


nitrogen balance continued without change. In a few experiments the nitrogen 
b-2 


4 
= 


20P PROCEEDINGS OF THE PHYSIOLOGICAL 


loss appeared to be reduced slightly by growth hormone (Antuitrin; Parke, 
Davis). The rate of nitrogen loss in the rabbit, whether insulin was given or not, 
was roughly proportional to the daily cortisone dosage up to at least 50 mg/kg. 
A similar loss of body weight and raised urea excretion with increased appetite 
was seen in rats treated with cortisone and insulin. 

These findings support the view that cortisone-induced nitrogen loss is due 
to some defect in nitrogen metabolism and is not merely the result of impaired 
ability to use carbohydrate. 


This work was assisted by a grant from the research funds of the Bethlem Royal and Maudsley 
Hospitals, 


Characterization and distribution in the central nervous system 
of the cerebellar excitatory factor. By J. Crosstanp, Jean D. 
Garven* and J. F. Mircuetit. Department of Physiology, Bute Medical 
Buildings, The University, St Andrews 


Crossland & Mitchell (1956) have provided evidence for the presence in the 
cerebellum of an alkali-stable substance whose action on the electrical activity 
of the cerebellum and cerebral cortex is similar to that of acetylcholine. The 
chemical identification of the active material has not yet been accomplished, 
but a more detailed account of its properties and distribution can now be 
given. 

Chemical properties 

The cerebellar factor is insoluble in acetone, and acetone-dried powders 
form a convenient starting-point for further purification of the active material 
which can be extracted by boiling the powder with distilled water for 2-3 min. 
It is insoluble in chloroform and ether, partly soluble in benzene and readily 
soluble in ethanol and butanol. The active material is dialysable and is basic 
in nature. 

Solutions of the cerebellar factor are stable at room temperature whatever 
their acidity but at 100°C solutions with a pH of 5 or less lose their activity in 
5 sec. Alkaline solutions (pH 7-12) are more stable but even these are in- 
activated if they are kept at 100° C for longer than 10 min. 

Active solutions lose their activity on incubation at 37° C with homogenates 
of cerebellum: this destruction, which is presumably enzymic in nature, does 
not take place if strychnine (10-*) is added to the incubation mixture. The 
cerebellar factor is not destroyed on incubation with trypsin or chymotrypsin. 


* Now Jean D. Doyle, University of Leiden, Holland. 
+ Present addross: A.R.C. Institute of Animal Physiology, Babraham, Cambridge. 
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Pharmacological properties 
Although the action of the cerebellar factor on the central nervous system 
resembles that of acetylcholine, no such parallelism is found when it is tested 
on isolated smooth muscle preparations, a range of which have proved to be 
quite unaffected by the cerebellar factor. 


Distribution in the central nervous system 

The cerebellum contains only small amounts of acetylcholine and the cere- 
bellar factor may be related to the transmitter substance presumably liberated 
by non-cholinergic neurones. This possibility is supported by the detection of 
the cerebellar factor in the cerebellum of a wide range of mammalian species 
and in some other parts of the central nervous system poor in acetylcholine 
(optic nerves and tracts, dorsal roots, spino-cerebellar tracts and—in rather - 
small amounts—the pyramidal tracts). It has not been found in the dorsal 
columns of the spinal cord (suggesting that not all dorsal root fibres are rich 
in the material) and it is also present in the ventral roots, which contain much 
acetylcholine. 


We wish to acknowledge our indebtedness to D.S.I.R. and the Scottish Hospitals Endowment 
Research Trust for maintenance grants to J. F. M. and J. D. G. respectively, and to the Govern- 
ment Grants Committee of the Royal Society, the Scottish Hospitals Endowment Research Trust 
and the Pharmaceutical Society of Great Britain for grants for the purchase of apparatus. 
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Depression of sweat gland activity by acetylcholine. By K. J. 
Cotuins, F. Sarcent* and J. S. Werner. Medical Research Council 
Climate and Working Efficiency Unit, Department of Human Anatomy, 
University of Oxford 

The responses of sweat glands in the human forearm to repeated intradermal 

injections of acetylcholine (ACh) or acetyl-B-methylcholine (methacholine) 

were measured on photographic projections of plastic impressions of the skin. 

When 400 xg ACh or methacholine/0-1 ml. was injected at 30 min intervals 

the number and output of active glands decreased progressively until after 

2-3 hr the glands became refractory to further stimulation. In contrast, in- 

jections of 104g methacholine/0-1 ml. maintained activity for up to 6 hr. 

Repeated injections of 20 ug ACh/0-1 ml. likewise did not depress sweating 

but the response to each consecutive dose decayed more rapidly than with 

10 ng methacholine. The duration of the response to 20 »g ACh was increased 

by the addition of 5 zg neostigmine; repeated injections of the two drugs in 

* Guggenheim Memorial Foundation Fellow. a: 
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combination resulted in a gradual decline in activity similar to that given by 
large doses of ACh alone. Atropine ‘protected’ the sweat glands from the 
depressant effects of high concentrations of ACh or methacholine. After the 
atropine block had worn off, test doses of ACh or methacholine evoked a 
normal response. In an area of the skin repeatedly injected with 400 wg ACh 
or methacholine without atropine there was little reaction to the test doses and 
a slow recovery from the depression took place during the following 12 hr. 
Thaysen & Schwartz (1955) suggest that the decrease in sweat gland 
activity by repeated injections of drugs is due to ‘fatigue’ of the glands. We 
have found, however, that the depression by drugs does not necessarily entail 
prolonged or intense secretory activity and that the NaCl concentration of the 
sweat does not increase as is the case in thermal sweat gland ‘fatigue’ 
(Robinson & Robinson, 1954). Previous experiments have shown that the 
depression is not simply due to physical damage to the glands by repeated 
injections or to impairment of the local blood supply. It seems reasonable to 
regard the decline in sweat gland activity by maintained high concentrations 
of ACh or methacholine as some form of ‘desensitization’ of the glands perhaps 
analogous to that produced by ACh at the motor end-plate (Katz & Thesleff, 
1957). 
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The skin secretion of the hippopotamus. By C. P. Luck and P. G. 
Wricut. Department of Physiology, University College London 


Localization of activity in the motor neurones of the frog. By 
D. W. Kennarp. Physiological Laboratory, University of Cambridge 


Some post-tetanic changes in primary afferent fibres. By 


J. C. Eccies and K. Krnsevié*. Department of Physiology, Australian 
National University, Canberra 


Lloyd (1949) has suggested that a tetanus is followed by a phase of hyper- 
polarization of the primary afferent terminals in the spinal cord, during which 
spikes are larger than usual; such enhanced spikes would be more effective in 
initiating synaptic action and thus be responsible for the observed post-tetanic 
potentiation. Hitherto, evidence of such presynaptic changes has been both 
indirect and conflicting (Lloyd, 1949; Eccles & Rall, 1951). 


* Present address: A.R.C. Institute of Animal Physiology, Babraham, Cambridge. 
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We have studied membrane potentials of primary afferent fibres recorded 
with intracellular micro-electrodes in the spinal cord of cats under pentobarbi- 
tone anaesthesia (cf. Eccles & Krnjevi¢, 1959). Prolonged recording from such 
fibres was not always possible, but when conditions were stable, a standard 
10 sec tetanus (at 400/sec) usually led to a prolonged phase of hyperpolariza- 
tion, associated with spikes that were of a substantially greater height and 
duration, and were conducted more slowly. These changes progressively dis- 
appeared over a period of up to one minute. They were observed equally well 
in cutaneous and muscular afferent fibres. The increase in spike height was 
commonly of the order of 5-10% and it was usually somewhat greater than 
the concurrent increase in resting potential. 

By anodal polarization of primary afferent fibres in the dorsal roots, it was 
possible to alter spikes in a similar way, but to an even greater extent (cf. 
Graham, 1942). This suggests that hyperpolarization of the membrane may 
be responsible for post-tetanic changes in spikes. However, spikes enhanced 
artificially in this manner were, in most cases, not more effective than normal 
spikes in monosynaptic transmission; in the few cases where there was some 
sign of potentiation, the effect was not comparable with the pronounced 
changes seen after a tetanus. This negative finding probably reflects the 
difficulty of producing any appreciable hyperpolarization at the terminals of 
the afferent fibres by polarizing the dorsal roots. 
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The relationship between the phasic and the tonic responses 
produced by the anterior byssal retractor muscle (ABRM) of 
Mytilus. By B. R. Jewe.t. Marine Biological Laboratory, 


Plymouth* 


If a ‘phasic’ response is produced by stimulating the ABRM with a series of 
alternating condenser shocks, the tension usually falls to its initial resting 
value within 30 sec of the last shock; on the other hand, if a ‘tonic’ response 
is produced by immersing the muscle in acetylcholine, tension may persist 
for several hours after the stimulus has been withdrawn. Conflicting views are 
held on the relationship between the two types of response. Hoyle & Lowy 
(1956) postulated that the phasic and tonic responses are both tetanic in 


* Present address: Department of Physiology, University College London. 


> 


24P PROCEEDINGS OF THE PHYSIOLOGICAL 


nature and differ only in the time for which the muscle continues to be re- 
excited after the stimulus has ended (‘tetanus’ hypothesis). Other workers 
(e.g. von Uexkull, 1912; Twarog, 1954) believe that the two types of response 
differ in that stimuli which produce a tonic response activate a ‘catch’ 
mechanism, which maintains the tension after the stimulus ends (‘catch’ 
mechanism hypothesis). 

In the experiments that will be described, the mechanical properties of the 
ABRM have been investigated during phasic and tonic responses, as this 
seemed to provide the most satisfactory means of deciding between the two 
possible hypotheses. The experiments show that the ABRM is capable of pro- 
ducing two quite different states of contraction. In both phasic and tonic 
responses, the state of activity present in the muscle during stimulation is 
characterized by the ability of the muscle to shorten actively. This has been 
shown by releasing the muscle during isometric responses; it will shorten and 
do work if an external load is provided, and it will redevelop tension if the 
shortening is arrested. In both types of response, this ability to shorten actively 
diminishes rapidly after the stimulus has ended, but in the tonic type the 
muscle can still maintain tension if it is held at constant length. In fact, under 
these conditions, the ABRM exhibits the inert behaviour of a damped elastic 
body. 

The fact that the mechanical properties of the ABRM differ during and 
after stimulation in a tonic response means that the ‘tetanus’ hypothesis is 
not tenable in its present form, but these findings are not incompatible with the 
view that a ‘catch’ mechanism is involved in the maintenance of tension in a 
tonic response. 
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Facilitation of cortical responses by competing stimuli. By 
G. D. Dawson*, V. P. Popacuin} and 8. W. Scuarzt. Department of 
Physwology, University College London 


It was found previously that the post-synaptic responses to stimulation of a 
forepaw, recorded in the cuneate nucleus of a rat anaesthetized with trichloro- 
ethylene, could be reduced in size by a preceding electrical stimulation of the 
contralateral sensory receiving area of the cerebral cortex (Dawson, 1958). 

* On leave from the M.R.C. Neurological Research Unit, The National Hospital, Queen Square, 
London, W.C.1. —_¢ On leave from the Physiological Laboratory of the Academy of Sciences 
of the U.S.S.R., Moscow: U.S.S.R. Exchange Research Fellow. { On leave from the 


Department of Neurosurgery, University of Toronto, Canada: Dominion Travelling Fellowship 
from the Nuffield Foundation. 
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Attempts have been made to see, first, whether similar effects could be observed 
when the conditioning stimuli were applied at the periphery and were more 
natural, secondly, whether the cortical potentials evoked by the test stimuli 
were changed in a similar way to the cuneate potentials. From the work of 
Hernandez-Peén, Guzman-Flores, Alcaraz & Fernandez-Guardiola (1957) it 
might have been expected that when the conditioning stimuli were such that, 
in an unanaesthetized animal, they could compete successfully with the test 
stimuli for the animal’s attention, then the cuneate and cortical potentials 
evoked by the test stimuli would be reduced in size. 

It has been found that at some levels of anaesthesia the responses in the 
primary sensory cortex to single electrical test shocks applied to the contra- 
lateral forepaw are greatly increased in size in their second, negative-going, 
phase by preceding and concurrent stimulation of the head, limbs or body 
elsewhere. Stroking, pinching or trains of electrical stimuli applied to the face, 
trunk or hind paw were effective on either side of the body, but they appeared 
to be more so when applied to the same side of the body as the test stimulus. 
No comparable changes in the size of the cuneate responses have been 
found, so it seems unlikely that the increase in size of the cortical responses 
is due to an increase in size of the afferent volley at the cuneate level. 
Stimulation of the hind paw alone did not produce any recordable potentials 
in the cortex from which the responses to the forepaw stimuli have been re- 
corded; therefore it seems unlikely that the increase in the size of the test 
responses was due to interaction at the cortical level of the inflows in the 
specific pathways. The size and nature of the changes in the cortical evoked 
potentials are similar to those which occur as a result of a change from a deep 
to a lighter level of anaesthesia. However, the conditioning stimuli have not 
been found to cause any significant flattening or desynchronization in the 
e.e.g., such as is usually associated with arousal, during the period in which the ~ 
cortical potentials were enhanced. | | 
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The effect of temperature on maximal isometric tetani in mam- 
malian muscle. By J. and A. R. Linp. 
Medical Research Council Unit for Research on Climate and Working 
Efficiency, Department of Human Anatomy, Oxford 


The maximum tension exerted during voluntary contractions of human muscle 
at different temperatures has been shown to be greatest at 39° C, showing 
little or no reduction with decreasing muscle temperature to about 27° C, but 
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of that of the direct response, so it probably contributed significantly to the 
size of the muscle contraction. The back-response was usually found to be 
absent with shocks exciting less than half the « motor fibres, probably because 
it depended upon the summed effect of the action potentials of different muscle 
fibres (Lloyd, 1942). When a maximal shock was preceded by a submaximal 
shock so timed that, because of their refractory period, no fibres were excited 
twice, then the maximal nerve volley was split into two submaximal nerve 
volleys separated by about 0-5 msec. The back-response was thereby reduced or 
abolished. At the same time the contraction became smaller (desynchroniza- 
tion effect). Thus the effect on the contraction of desynchronizing the nerve 
volley is explicable in terms of its effect on the back-response, and it appears 
unnecessary to postulate any other mechanism. | 
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Reflex activity in small motor fibres from the lumbar spinal 


cord. By B. L. Anprew. Department of Physiology, Queen's College, 
Dundee 


Adults rats, lightly anaesthetized with urethane, were used for these experi- 
ments and usually the spinal cord was divided at an upper thoracic level. 
The spinal canal was opened in the lower lumbar region and slender nerve 
filaments dissected from the ventral roots of L 4, 5 or 6. The «-motoneurones 
were quiescent in this preparation, if the anaesthetic level was correctly 
adjusted, but a proportion of the y-motoneurones were spontaneously active. 
In animals without section of the spinal cord, when acute anoxia was 
produced by diluting the inspired air with nitrogen many hitherto inactive 
small motor fibres became active and the discharge in spontaneously active 
fibres was accelerated; however, this response did not occur after spinal 
section. 

In spinal preparations the activity of the y-motoneurones could be aroused 
by mechanical stimulation of the hind limb as has been described in the decere- 
brate cat with spinal section by Eldred & Hagbarth (1954). The ability of the 
y-motoneurone to discharge a short volley at frequencies (300-500 imp./sec) 
much higher than those produced by the «-motoneurone, in response to a short 
sensory stimulus as has been reported by Hunt & Paintal (1958) in the spinal 
cat, has been confirmed. In some cases it was found that an individual y- 
motoneurone would discharge in this way only in response to short mechanical 
stimuli applied to a particular localized spot in the belly of a limb muscle. 
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Such a stimulus might be expected to produce a volley in the afferents from 
a spindle. A more protracted response at a lower frequency could be produced 
by stimulation of a much larger skin area, and injury to the skin produced 
prolonged excitation. 

REFERENCES 


Eldred, E. & Hagbarth, K.-E. (1954). J. Neurophysiol. 17, 59-65. 
Hunt, C. C. & Paintal, A. S. (1958). J. Physiol. 148, 195-212. 


Double reflex discharges into intercostal nerves and trunk 
muscles in rabbits. By Ann M. Atpgrson and C. B. B. Downman. 
Royal Free Hospital School of Medicine, London, W.C. 1 


Centripetal volleys set up in a splanchnic nerve by single-shock stimulation 
may provoke double reflex discharges. These can be recorded as two volleys 
of impulses in an intercostal nerve, or as two bursts of activity in the electro- 
myogram of muscles of the trunk. This double response has been recorded in 
rabbits which were decerebrated or under Dial (Ciba) anaesthesia. 

The pattern of the volley in the splanchnic nerve was recorded mono- 
phasically off the caudal portion of the thoracic sympathetic chain after 
exposing and dividing it retropleurally. By differences of threshold, and by 
differential blocking of splanchnic fibres the second, long-latency reflex 
response has been related to the C-fibre volley. The change of latency of the 
second response which occurs on shifting the stimulus along the splanchnic 
nerve shows that the reflexogenic fibres conduct at under 1-4 m/sec. The 
second reflex discharge is not a consequence of the first. Both discharges 
persist after transecting the spinal cord but are lost after cutting the appropriate 
dorsal roots. The mutual facilitation between intercostally-evoked and 
splanchnic-evoked reflexes shows two peaks, corresponding to the two phases 
of the splanchnic-evoked double reflex. 

These findings extend the observations of Bishop & Heinbecker (1935), 
in which they showed that C fibres evoke reflex activity of skeletal muscle. 
They also recall the claim of Kugelberg (1948) that C-fibre afferents from skin 
can evoke a second, long-latency reflex discharge in leg muscles during patho- 
logical flexion reflexes in man. 
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Vascular receptors in the lungs. By J. C. G. Cotermpes and C. Kipp. 
Department of Physiology, University of Leeds 

Walsh & Whitteridge (1944), Whitteridge (1948) and Pearce & Whitteridge 
(1951) recorded impulses from afferent vagal fibres in the cat which were 
believed to arise from receptors in the small vessels of the lungs and which 
showed a late systolic discharge. Subsequently, Paintal (1953) suggested that 
these ‘pulmonary vascular’ receptors were not situated in the small vessels of 
the lungs but in the right and left atria. 

Recently we have recorded the impulse activity in afferent vagal fibres 
which showed a cardiovascular pattern of discharge and whose endings were 
located with certainty in the lungs. Sustained positive pressure inflation of 
the lungs enabled these receptors to be distinguished from pulmonary stretch 
receptors with an adventitious cardiac rhythm. 

Afferent impulses were recorded from ‘single fibre’ preparations dissected 
from the cervical vagus in anaesthetized dogs with the chest open. Recordings, 
made from fibres whose endings were located in lung tissue by punctate 
stimulation, showed various types of discharge. In some cases there was an 
early systolic discharge similar to that recorded from receptors in the pul- 
monary artery, in that the discharge ceased abruptly when the pulmonary 
conus was occluded and returned immediately after the vessel was released 
(Coleridge & Kidd, 1959); but, unlike the discharge from receptors in the main 
pulmonary arteries, it was abolished when the lung roots were occluded. Several 
fibres showed a pattern of discharge similar to that observed in type A or B 
atrial fibres (Paintal, 1953). Changes produced, in some cases, by occlusion 
of the lung roots, the ascending or the descending aorta suggested that the 
receptors might be influenced by bronchial arterial pressure. In addition to 
the effects produced by occlusion of the great vessels, the frequency of discharge 
and its relation to the cardiac cycle were sometimes affected by intravenous 
infusions or by alteration of the composition of the inspired air. 
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Action potentials evoked in digital nerves by stimulation of 
mechanoreceptors in the human finger. By T. A. Szars. The 
Institute of Neurology, Queen Square, London, W.C. 1 

In 1949, Dawson & Scott showed that it was possible to record action potentials 

from electrodes on the skin over the course of the median or ulnar nerve after 
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electrical stimulation of the nerve at the wrist. An important factor in making 
this possible, which Gilliatt & Sears (1958) have emphasized in their study of 
conduction in normal and pathological nerves, is that the nerve fibres beneath 
the recording electrodes must be synchronously active. 

It has now proved possible to record afferent impulses evoked by syn- 
chronous excitation of mechanoreceptors in the human finger by tapping the 
base of the finger nail. 

To obtain reproduceable stimuli, the pen unit of an electro-encephalograph 
was mounted so that when the pen was displaced by feeding an electrical pulse 
into the e.e.g. amplifier, it struck the finger nail. 

In initial experiments a low-voltage compound action potential with a 
latency of 5-6 msec was recorded from surface electrodes at the wrist following 
a mechanical stimulus to a finger nail. To minimize the effect of temporal dis- 
persion search was made for a more distal recording site. It was found that 
ring electrodes formed by twisting silver wire round the fingers satisfactorily 
record action potentials from digital nerve fibres. 

When the median nerve was stimulated electrically at the wrist the anti- 
dromic volley of impulses in a digital nerve was recorded as a diphasic action 
potential of up to 80 1 V amplitude; the propagation velocity of the peak of the 
initial negative wave was approximately 40-50 m/sec over the palmar and 
proximal phalangeal segment of the nerve. 

When the finger nail was stimulated mechanically ring electrodes on the 
same finger recorded a compound action potential closely resembling the anti- 
dromic volley described above but of greater duration. Because the nerve 
fibres activated by the mechanical stimulus are among those which are excited 
by low intensity (below motor threshold) electrical stimulation at the wrist, 
an appropriately timed mechanical stimulus caused the antidromic response 
following wrist stimulation to be reduced in amplitude. This result depends 
on orthodromic impulses colliding with antidrwfnic impulses, the experimental 
procedure being similar to that used by Douglas & Ritchie (1957). 

When the antidromic impulses collided with orthodromic impulses the sensa- 
tion aroused by the mechanical stimulus was abolished. However, if the timing 
of the mechanical stimulus was advanced the sensation was re-established. 
The interval between stimuli at which this occurred corresponded to the latent 
period between the mechanical stimulus and the arrival of the afferent volley at 
the wrist. It is therefore concluded that there is a causal relationship between 
the afferent impulses whose action potentials have been recorded and the 
sensation aroused. 
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Active muscle vasodilatation elicited by mesencephalic stimu- 
lation. Its relation to the defence reaction. By V. C. Apranams*, 
S. M. Hizron and A. Zprozynat. The National Institute for Medical 
Research, Mill Hill, London, N.W. 7 


Stimulation in the diencephalon and mesencephalon of the cat has been shown 
to produce active vasodilatation in muscle (Eliasson, Folkow, Lindgren & 
Uvnas, 1951; Lindgren, 1955; Abrahams & Hilton, 1958). In the present 
experiments the mesencephalon at the level of the superior colliculi has been 
extensively explored. At this level, vasodilator responses had hitherto only 
been obtained from stimulation of a restricted region deep in the tectum. We 
could also regularly obtain large vasodilator responses from the central grey 
matter and from a well-defined area overlying each cerebral peduncle. The 
latter is small in cross-section. It was traced anteriorly to the level of the 
mammillary bodies where it connects with the hypothalamic area from which 
vasodilatation is obtained. Smaller vasodilator responses were obtained from 
other tegmental regions which appeared to connect it with the region in the 
tectum and central grey matter. Since this peduncular region is continuous with 
those in the hypothalamus, tectum and central grey matter, it is suggested that 
it constitutes the main vasodilator pathway in the mesencephalon and that this 
pathway is not in the tectum, as proposed originally by Lindgren (1955). This 
conclusion is supported by the finding that vasodilator responses produced by 
hypothalamic stimulation are abolished by small electrolytic lesions in the 
peduncular region, whereas extensive lesions in the superior colliculi or teg- 
mentum did not abolish the response except in one experiment. 

The diencephalic area from which active muscle vasodilatation is obtained 
is identical with that from which defence reactions are elicited (Abrahams & 
Hilton, 1958). Such reactions are also elicited from the central grey matter and 
the superior colliculi (Hunsperger, 1956; Spiegel, Kletzkin & Szekely, 1954) 
from areas corresponding to those from which we obtained muscle vasodilata- 
tion. However, stimulation of the peduncular vasodilator pathway in the 
conscious cat did not lead to the complex co-ordinated defence reaction, but 
to partial responses such as rolling over on to one side with claws extended, 
ipsilateral ear-flattening or closure of the eye. This finding further supports 
the conclusion that the peduncular region is the main vasodilator pathway. 

Chronic decorticate cats show a stereotyped reflex response to nociceptive 
stimuli indistinguishable from the defence reaction (Dusser de Barenne, 1920). 
Similar but incomplete reactions are obtained from decerebrate cats (Wood- 
worth & Sherrington, 1904; Bazett & Penfield, 1922). These findings, together 
with our results, suggest that the regions defined in the hypothalamus, central 
grey matter and colliculi are reflex centres concerned in the response to 
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nociceptive and other stimuli, the peduncular region constituting the efferent 
pathway for the concomitant muscle vasodilatation. 
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The representation of the visual field on the calcarine cortex in 
baboons and monkeys. By P. M. Danret and D. Wuirtrerince. 
Department of Neuropathology, Institute of Psychiatry, Maudsley Hospital, 
London, S.E. 5, and the Department of Physiology, University of Edin- 
burgh 


The representation of the visual field on the calcarine cortex was mapped in a 
way somewhat resembling Talbot & Marshall’s (1941) mapping of the macular 
cortex. Baboons and rhesus monkeys, anaesthetized with sodium pento- 
barbitone, were positioned so that the visual cortex, including the whole of 
the calcarine cortex, could be explored with a long steel needle electrode, 
insulated except for a bare tip less than 10 » diameter, mounted on a stereo- 
taxic machine. One eye was fixed and centred on a perimeter bearing a movable 
light. With a light subtending an angle of 10’ at the eye, responses from a point 
in the visual cortex can be obtained from a small area in the visual field, the 
extent of this excitatory area varying from about 3° diameter at the fovea to 
about 10° at 60° out from the visual axis, i.e. the more peripheral part of the 
visual field. When the light is at the centre of each area on the perimeter giving 
a cortical response, the first spike is large and all our measurements were taken 
from the point where the largest spike was obtained. The points in the visual 
cortex from which responses were obtained were subsequently identified 
histologically in serial sections. 

It is thus possible to determine the cortical magnification factor M, i.e. the 
distance (in mm) along the cortex concerned with each degree of the visual field, 
measured radially from the fixation point. This varies from 5-6 mm/degree at 
the fovea to about 0-1 mm/degree in the peripheral field 60° out from the 
visual axis. M appears to fall off at the same rate for horizontal and vertical 
meridians. If M is measured along an arc 57° out, the same value is 
found as the mean value for points 57° out when measured along radii. 
If we know the cortical magnification at all points, it follows that the 
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shape of the cortical receptive surface should be obtainable by taking the 
quarter sphere of the visual field of one hemisphere and distorting it appro- 
priately. If we assume that M is constant for all points equidistant from the 
fixation point, the lengths of the semicircles of latitude are Ma,nrsin8, 
where M, is the value of M at an angle @ from the fixation point, and r is an 
arbitrary value for the radius. If r is made 57-3 mm, the model has the same 
dimensions as the visual area. The semicircles of latitude must be spaced out 


along the horizontal meridian by intervals of Mo, “ Mo, (0, —0,) where @ is 
in radians. 

A model of the calculated cortical receptive surface can be made by covering 
with a layer of flexible material a skeleton of wire semicircles of latitude attached 
at their mid points to a wire horizontal meridian. If the semi-ovoid sheet of 
material so formed is folded about the horizontal meridian for about its anterior 
half and vertically at the junction of posterior and middle thirds, the resulting 
folded surface gives a very close approximation to the calcarine cortex of the 
monkey and baboon. It also accounts satisfactorily for the responses observed 
when one of our needle tracks crossed the calcarine cortex four times in the 
depths of the vertical and calcarine sulci. 


We are deeply indebted to Mr D. G. Kendall of Magdalen College, Oxford, for this differential- 
geometric method. 
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Some features of the physiological organization of nucleus gracilis 
in the cat. By G. Gorpon and C. H. Paine. University Laboratory 
of Physiology, Ozford 

It is usually believed that the dorsal column nuclei receive primary afferent 

fibres and constitute an important ‘relay’ in the tactile sensory system. 

Evidence obtained by recording with micropipettes from single neural units 

in n. gracilis, under pentobarbitone sodium anaesthesia, shows that in certain 

respects the nuclear organization must be complex. 

First, there was wide variation in the cutaneous receptive areas of cells 
responding to stimulation of any one part—in this case the hind foot. Size 
of receptive area was related to the position of the cells in the cranio-caudal 
axis of the nucleus (Fig. 1). At the cranial end the receptive areas were large, 
some 40%, of units having areas extending into the trunk (250 cm? or more). 
Some 3 mm caudal to the obex the cells had much more restricted areas, over 
40% being confined to one pad or less on the hind foot (1 cm? or less). More 
caudally the mean receptive areas again became somewhat larger. 
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Secondly, spatial facilitation and inhibition of single nuclear cells were 
regularly found. Facilitation was readily demonstrated by applying electrical 
stimuli to two adjacent plantar nerves each contributing to the receptive area. 
Owing probably to the heterogeneous effects of nerve stimulation, inhibition 
of response was better studied by using two electromechanical stimulators 
applied to the skin. In the region containing cells with restricted receptive 
areas, it was more the rule than the exception to produce inhibition of response 
by applying conditioning stimuli to areas adjacent to the receptive area. 


Mean receptive area (cm?) 
= 


25+ 
. No. of units 
Obex 
0 5 10 


mm in cranio-caudal axis Caudal 


Fig. 1. Mean cutaneous receptive areas (A) of single units responding to stimulation of the hind 
foot, plotted in relation to positions in the cranio-caudal axis of n. gracilis from which their 
responses were recorded. Measurements of A were approximate: they are shown on a logari- 
thmic ordinate scale, with the s.z.’s in logA indicated by vertical bars. Horizontal bars 
represent length of section of nucleus yielding the responses from which each mean figure was 
calculated. Means derived from the numbers of units shown. 


Inhibition was much more rarely seen in other parts of the nucleus. It was seen, 
however, in records from some units (presumably fibres) of the cervical dorsal 
column at C 4. 

Our very limited observations on n. cuneatus suggest that this nucleus 
probably has a similar organization to n. gracilis. 
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Refractory compartments and the quantum efficiency of rods. 

By H. B. Bartow. Physiological Laboratory, University of Cambridge 
The sensitivity of rod-dependent vision is affected by light to a much greater 
extent than can be accounted for directly by the bleaching of visual purple. 
It has been suggested by Wald (1954) that this is because the bleaching of a 
single molecule of rhodopsin makes the whole of a compartment refractory, 
and thus renders inactive (for excitation) all the rhodopsin held in the same 
compartment as the molecule bleached. Wald suggested that the compartments 
might be the disk-shaped lamellae which make up the rod outer segments, but 
they might be larger or smaller than this. 

On this hypothesis the ratio of the threshold measured at the start of dark- 
adaptation to the final threshold indicates the fraction of the compartments 
which are left non-refractory by a given degree of light-adaptation. If this is 
correct, the same, or a smaller, fraction will be excitable during exposure to the 
light-adapting field, and hence the efficiency of detection of increments of 
light added to the field must be affected to at least the extent indicated 
by this fraction. 

The quantum efficiency (F), defined as follows, is an absolute measure of the 
efficiency of performance of a task involving intensity discrimination (Rose, 
1948): 


FR Smallest possible number of quanta required for task 


~ Number required by the eye for performance of same task’ 


It can be applied to the detection of near-threshold increments added to a 
uniform adapting field, in which case the ‘task’ is regarded as the production 
of a frequency-of-seeing curve of the same steepness as the one produced by 
the subject. The numerator is then obtained by a method similar in principle to 
that used by Hecht, Shlaer & Pirenne (1942) to show that at least 5-8 quanta 
were absorbed from a flash of light at the absolute threshold; the method is 
simplified by determining only the two points on the frequency-of-seeing 
curve corresponding to the intensities seen on about 5 and 95% of trials. In 
the present case the stimulus area (0-45 deg”) and duration (86 msec) were 
close to those yielding the highest values of F in the rod range in the area of 
retina used (7° from fovea). 

At a background intensity such that 10? quanta (507 m)/sec. deg* enter 
the eye the compartment hypothesis predicts that only 1/100 of the com- 
partments will remain non-refractory, and measurements show that F is 
0-04%, or 1/100 the value with zero background (4°). However, this agree- 
ment only holds at this particular background level: at lower intensities the 
observed loss is greater than that predicted, whilst at higher intensities it is 
less. Changing the values assumed for compartment size, for photosensitivity 
of rhodopsin, and for regeneration rate, would not make the predictions fit 
the experiments over a wider range. 


Ev 


‘ 
s 
> 
Aver 


SOCIETY, 23 MAY 1959 37P 


REFERENCES 


Hecht, S8., Shlaer, 8. & Pirenne, M. H. (1942). J. gen. Physiol. 25, 819. 
Rose, A. (1948). J. Opt. Soc. Amer. 38, 196. 
Wald, G. (1954). Science, 119, 887. 


Evoked responses in the cerebral cortex of the Alligator. By 
E. C. Berkowirz and L. Kruger. Department of Anatomy, University 
of California Medical Center, Los Angeles 24, California, U.S.A. 


Rapid high-frequency heating of cooled mammalian heart muscle; 
effect on resting potential. By J. Détre and 8. Werpmann. 


Department of Physiology, University of Berne 


Increase in membrane resistance and prolongation of active state 
of skeletal muscle on replacement of extracellular chloride by 
methylsulphate ion. By O. F. Hurrer and D. Nosiz. Department 


of Physiology, University College London 


The membrane potential under conditions of KCl loss from KCI- 
loaded muscle fibres. By R. H. Aprian. Physiological Laboratory, 


University of Cambridge 
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Extraction of aldosterone from plasma and from whole blood. 
By MarcareTtHe Hoizpaver and Martrue Voer. Pharmacological 


Laboratory, University of Edinburgh 


Intestinal movements in the horse. (Film.) By F. ALexanper. 
Department of Veterinary Pharmacology, University of Edinburgh 


The effects of a human growth hormone preparation on man. 
By A. Basu, R. Passmore and J. A. Strone. Departments of Physiology 
and Medicine, University of Edinburgh, and the Western General Hospital 


A primary effect of growth hormone on rats is to act as a specific stimulator 
of fat katabolism (Greenbaum, 1953). We have been able to demonstrate this 
effect in man, using a human growth hormone preparation. The subject was 
a woman, aged 38, who had had evidence of pituitary insufficiency for many 
years. After a period of study to establish the diagnosis maintenance 
therapy was started with cortisone and thyroxine. Six weeks later she was 
admitted to hospital and kept on a constant formula diet, which exactly met 
the caloric requirements of a standardized regimen of physical activity, She 
continued to take the same doses of cortisone and thyroxine, but no other drug. 
After one injection of a preparation of human growth hormone, evidence of 
increased fat metabolism was provided by: (1) a fall in the resting value of 
the r.Q., (2) a rise in the urinary excretion of ketone bodies, and (3) a rise in 
the level of non-esterified fatty acids in the blood in the fasting state. Associ- 
ated with these changes there was a fall in urinary nitrogen, presumably due 
to the sparing action of the increased fat metabolism on protein metabolism. 
Figure 1 shows these changes and indicates that they started within 24 hr 
of the injection and were at a maximum 3-5 days later. 

Changes in the water and electrolyte balances have followed the injection of 
growth hormone. There was retention of both sodium and potassium, shown by 
falls in urinary output, and also retention of water, shown by a sharp rise in 
body weight. Figure 2 indicates that these changes took place in the first 
24 hr, and that the extra water and electrolytes were retained for 3 or 4 days 
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and were then excreted. In addition, after the injection there was increased 
excretion of calcium in the urine and a small rise in basal oxygen con- 
sumption. 


Fig. 1. Changes in the basal z.q., in the urinary excretion of ketones and nitrogen and in the 
level of non-esterified fatty acids in the blood following an injection of a preparation of 
human growth hormone. 

Fig. 2. Changes in body weight and in the urinary excretion of sodium and potassium following an 
injection of a preparation of human growth hormone. 
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Pituitary gonadotrophin assays and their clinical application. 
By J. A. Loratne. Medical Research Council Clinical Endocrinology 
Research Unit and the Western General Hospital, Edinburgh 


The method in routine use for the quantitative determination of pituitary 
gonadotrophins in human non-pregnant urine was described by Loraine & 
Brown (1959) and consists of four main steps, which are as follows: 

(1) Extraction of the urine by the kaolin-acetone method with accurate 
control of the pH at all stages of the procedure. 
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(2) In ‘low-titre’ urines treatment of the crude kaolin-acetone powders 
with tricalerum phosphate in order to reduce the toxicity of the extracts. 

(3) Bioassay by the mouse uterus test. 

(4) Expression of results in terms of a standard prepared from post-meno- 
pausal urine and termed HMG-20 A*. 

The demonstration illustrates bioassay methods depending on the enlarge- 
ment of the uterus in intact immature mice and on the enlargement of the 
ventral lobe of the prostate in hypophysectomized immature rats. The 
technique of hypophysectomy in rats is also shown. 

Mouse uterus test. This method is highly sensitive and reasonably precise. 
It is not specific for either follicle-stimulating hormone (FSH) or interstitial 
cell-stimulating or luteinizing hormone (ICSH or LH). The mouse uterus test 
provides a measure of the ‘total gonadotrophic activity’ of urinary extracts 
and is the method of choice for clinical investigations. 

Hypophysectomized rat prostate test. This method measures urinary ICSH 
(LH) activity. The technique is too laborious for routine clinical use but may 
yield valuable information in selected patients. ' 


CLINICAL APPLICATIONS 

(1) Mammary carcinoma 
Urinary gonadotrophin assays may be helpful in the treatment of patients 
with this disease for three main reasons; first, to determine the completeness 
or otherwise of a hypophysectomy (Blackburn, Albert, Svein & Uihlein, 1956); 
secondly, to predict the response of post-menopausal subjects with recurrent 
and metastatic mammary carcinoma to therapy with oral stilboestrol (Loraine, 
Strong & Douglas, 1957) and finally, to provide information which may be of 
value in the management of patients following bilateral adrenalectomy 
(Loraine, Douglas, Falconer & Strong, 1959). 

This demonstration is concerned with the relationship of urinary gonado- 
trophin excretion to the treatment of mammary carcinoma by bilateral adrenal- 
ectomy and bilateral oophorectomy. Following this operation the output 
varies greatly in individual subjects but appears to be related to the subsequent 
course of the disease. In patients in whom adrenalectomy is followed by a 
remission of disease, excretion values remain high or increase, while in 
subjects showing no remission values remain low or decrease. 


(2) Seminoma of the testis 


In patients with this disease the urinary gonadotrophin excretion is signifi- 
cantly higher than that in normal male subjects of comparable age, or in 


* The letters HMG stand for Human Menopausal Gonadotrophin. Excretion values are 
calculated in ‘HMG units per 24 hr’, 1 unit being the activity present in 1 mg of HMG-20A. 
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patients subjected to unilateral orchidectomy for reasons other than semi- 
noma. The demonstration shows the excretion pattern in a typical case. 


(3) Normal menstrual cycle 

Brown, Klopper & Loraine (1958) have recently studied the excretion of 
oestrogens, pregnanediol and pituitary gonadotrophins in subjects with ovu- 
latory menstrual cycles. A typical example is shown in the demonstration. 

It should be noted that the mid-cycle peak of urinary gonadotrophin excre- 
tion did not precede but occurred simultaneously with the mid-cycle oestrogen 
peak. Also of interest is the fact that when urinary gonadotrophin assays were 
conducted by the mouse-uterus and hypophysectomized-rat-prostate tests, 
the results obtained agreed very closely at all stages of the cycle. 
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The vascular permeability changes in the rat’s intestine following 
abdominal radiation. By D. A. WitLovucuBy. Strangeways Research 
Laboratory, University of Cambridge 

Previous work by Spector and Willoughby has shown that the inflammatory 

changes induced in rats by (a) chemical injury (Spector & Willoughby, 1958<), 

and (6) thermal injury (Spector & Willoughby, 19586, 1959) are mediated 
initially by a release of histamine and subsequently maintained by a system 
which may be suppressed by certain antiproteases and anticholinesterases. 

Wilhelm (1959) has recently confirmed the initial histamine phase. 

After irradiation of the abdomen of rats with 1500r X-rays capillary perme- 
ability increased ; this was established by the leakage of protein-bound trypan 
blue along the intestine. These vascular changes began at about 18-24 hr and 
subsequently increased in intensity up to 72 hr when they were maximal. 

Pre-treatment of the animals with the antihistaminics mepyramine maleate 
(anthisan, 1 mg/kg) and promethazine HCL (phenergan, 1 mg/kg) largely 
suppressed the vascular permeability changes that occur up to 24 hr but, 
despite repeated administration of these drugs, there was no suppression after 
this time. Estimation of the histamine content of the ileum showed a rapid 


fall during the first 24 hr after irradiation after which time no further loss 
could be detected (Fig. 1). 
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Prior treatment of the animals with diisopropylfluorophosphate (DFP, 
2-5 mg/kg 1.M.) caused a marked suppression of the increased capillary perme- 
ability after irradiation. Figure 2 shows the effect of a single injection of this 
compound on the changes in the vascular permeability of the intestine for up 
to 3 days after irradiation. This inhibitory action was shared by the anti- 
protease and anticholinesterase drugs, quinine, quinidine and chloroquine. 
The anti-acetylcholinesterase drug neostigmine did not protect the capillaries, 
nor could the effect obtained with DFP be reversed by pre-treatment with 
atropine. This suggests that the second phase of increased permeability is not 
mediated by acetylcholine. 
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Fig. 1. Histamine content of the ileum at varying times after irradiation, from normal rats and 
rats pre-treated with DFP 2-5 mg/kg. Each point is the mean of four experiments. 


Fig. 2. The effect of irradiation on the capillary permeability of rat intestine, and the effect of a 
single dose of DFP 2-5 mg/kg given immediately before irradiation. Each point is the mean 
of six experiments. 


The demonstration shows pieces of ileum which have been removed from 
rats afterirradiation, and also from animals pre-treated with the drugs described 
above. 

It is concluded that irradiation of the intestine is followed by an initial 
phase of increased vascular permeability which is due to histamine released 
from the intestine. This phase is subsequently maintained by a system that 
appears to be mediated by either a protease or pseudocholinesterase enzyme 
system, 
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Sympathetic ganglion cells in infants and young children. By 
F. W. Garens and H. 8. D. Garven. Institute of Physiology, University 
of Glasgow 

This demonstration illustrates an extension of a study of human ganglion 

cells in the adult in which attention was drawn to the association of several 

cells in ‘glomeruli’ (Gairns & Garven, 1953). 

Sympathetic ganglia of the stellate region and of the lumbar region from 


Fig. 1. Human lumbar sympathetic ganglion cells. A, adult. Note the two cells in a ‘glomerulus’. 
B, infant (12 days). Note the small size of the cells and absence of ‘glomeruli’. 


infants and young children were obtained at autopsy. The ages varied from 
1 day to 7 years. After fixation in neutral formalin, frozen sections were 
stained by the Bielschowsky-—Gros silver diammine ion technique (Garven & 
Gairns, 1952). 


In both infants and children even the largest of the ganglion cells are much 
smaller than in the adult (Fig. 1). : 


The ganglion cells lie closely packed together and are not at this stage iso- 
lated into smaller groups by the nerve fibre bundles. The degree of develop- 
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ment varies greatly. This is most obvious in the infants, where it would appear 
that only a small proportion of the cells have developed extensive dendrites. 
Where dendrites are prominent they are relatively few in number and pass 
away from the cell body in relatively long unbranched processes and thus 
resemble long-armed starfish. (Only a few cells of this type are found in the 
adult ganglion.) Surrounding these cells there lie a number of even smaller 
cells which show few processes and are obviously less well developed. This 
arrangement of cells is also found in young children where, however, a greater 
number of the cells have enlarged and show dendritic processes. 

There is as yet little sign of the presence of closely fitting capsules of amphi- 
cytes (satellite cells). There is also very little development of short branching 
dendrites which remain in the immediate neighbourhood of the cell body. 
Typical ‘glomeruli’ with a profuse interdigitation of the dendrites of two or 
more ganglion cells in the groundwork of satellite cells have not been found. 


The ganglia were obtained through the courtesy of Dr A. M. MacDonald and Dr J. F. Boyd. 
Part of the expense of this investigation was borne by the Rankin Medical Research Fund. 
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The effect of oxytocin on the blood pressure of the pregnant rat. 
By Sypm Lioyrp. Department of Physiology, University of Edinburgh 


The response of the frog’s optic lobe to stimulation of the eye 
by light, after section and regeneration of the optic nerve. 
By R. M. Gaze and M. Jacosson. Department of Physiology, University 
of Edinburgh 

It was shown by Sperry in 1944 that regeneration of the optic nerve could be 

obtained after section in adult frogs. We have been able to confirm this 

observation and also to map the retinal projection to the optic lobe after 

section and regeneration of the optic nerve in adult Rana temporaria. 

One optic nerve was exposed through the roof of the mouth and transected 
just distal to the chiasma. Care was taken to leave the blood supply to the eye 
undisturbed and to oppose the stumps of the nerve. After operation the 
animals were hand-fed with liver and cod-liver oil until there was evidence of 
return of vision in the operated eye. Optokinetic responses were used as the 
criterion of visual recovery, which occurred in 30-50 days. The animals were 
then used to map the representation of the retina of the operated eye on the 
contralateral optic lobe, by means of the evoked potential technique (Gaze, 
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1958, 1959). One of these operated animals is used in this demonstration to 
show the recording of action potentials from the optic lobe. The light stimulus 
is provided by an ‘Aimark’ projection perimeter and subtends 10 minutes of 
arc at the eye. The results of these experiments show that after regeneration 
of the optic nerve the normal pattern of representation of the retina on the 
optic lobe is usually restored. 
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The ultra-structure of the myoneural junction in amphibian 
myotomes. By A. R. Murr. Department of Anatomy, University of 
Edinburgh 


Electron microscope studies of the development of peripheral 
nerves. By A. Prrers. Department of Anatomy, University of 
Edinburgh 


_A demonstration of the Metropolitan-Vickers E. M. 5 electron 
microscope. By A. R. Mure and A. Peters. Department of Anatomy, 
University of Edinburgh 


A simple class demonstration of different types of neuromuscular 
block using the isolated biventer cervicis muscle of the chick. 
By L. Ginspore and Joan Warriner. Pharmacological Laboratory, 

University of Edinburgh 


Some experiments on the perception of linear motion. By E. G. 
Watsu. Department of Physiology, University of Edinburgh 


The representation of the visual field on the optic tectum of the 
pigeon. By M. Grorce and D. Wurrrertwer. Department of 
Physiology, University of Edinburgh 


The effect of anaesthetics on the abdominal stretch receptor of the 


crayfish. By H. Lunpy. Department of Physiology, University of 
Edinburgh 


Interaction between vestibular and optokinetic nystagmus in man. 
By G. H. Bresre. Department of Physiology, University of Edinburgh 
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A method for the separation of some amines of biological interest 
by paper chromatography. By D. F. SHarman. Department of 
Physiology, University of Edinburgh 


Cardiovascular effects of intravenous infusions of 5-hydroxytrypt- 
amine in man. By H. E. Lemessurier, C. J. Scuwarrz and R. F. 


WueEtan. Department of Physiology, The Queen’s University of Belfast 


Photo-labile pigments in normal and cone-monochromatic foveae. 
By R. A. Weae. Visual Research Division, Medical Research Council 


Ophthalmological Research Unit, Institute of Ophthalmology, Judd Street, 
London, W.C. 1 


Near the absolute visual threshold we are incapable of discriminating colours 
because vision is subserved by only one pigment—namely, rod visual purple. 
One naturally wonders whether the cone-monochromatic fovea fails to dis- 
criminate colours even at relatively high luminance levels (Weale, 1953) 
because its cones contain only one type of pigment, or for some other reason. 
Cone pigments can be detected ophthalmoscopically (Weale, 19556; Rushton, 
1955). In the present method (Weale, 1959) a spectrum is projected sequenti- 
ally on to the fovea at the rate of 1-2/sec and the intensity of the light reflected 
from the fundus recorded by means of an electron multiplier, an oscilloscope 
end a ciné camera. A comparison of the traces before and after bleaching 
the fovea with white or chromatic light can yield information on the 
minimum number and nature of foveal photo-labile substances. While 
Rushton’s findings (1957) were broadly confirmed, the following important 
differences were observed. (1) In the present experiments products of 
bleaching were easily detected. (2) The rate of regeneration of the bleached 
pigments (as measured by the logarithm of the density change) was faster in 
the red than in the green part of the spectrum. (3) The rate of bleaching with 
red light was greater when measured in the red part of the spectrum than it 
was in the green. (Points (2) and (3) may conceivably be linked to point (1).) 
(4) Bleaching with deep red light failed to separate the red- and green-sensitive 
pigments, respectively. It may be said, in passing, that the green-sensitive 
component (Rushton, 1957) is similar in its spectral properties to the pigment 
found in the pure cone retina of the grey squirrel (Weale, 19555) and the red- 
sensitive component probably to one detected in the retina of the guinea-pig 
(Weale, 1955a). A cone-monochromatic fovea was found to contain both types 
of pigment in the same proportions as one of the normal foveae examined. It 
follows that the monochromacy cannot in this case be based on a mechanism 
s:milar to that underlying nocturnal vision. 
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Effect of trypsin on the extensibility of the cervix. By Marcaret 
L. R. Harxness and R. D. Harkness. Department of Physiology, 
University College London 

When tissues are subjected to extending forces they generally behave as if they 

contained a continuous connective tissue framework of definable size, held 

together ultimately by rigid links. In contrast the cervix at the end of 
pregnancy behaves, when subjected to extending forces, as if the ultimate 
links in its connective tissue framework were viscous. When such tissue is 
subjected to a constant force the rate of extension at first diminishes with time 
as in normal tissues but instead of continuing to diminish it tends to a constant 
value, the length increasing linearly with time up to the point of rupture. The 
effect of some enzymes on this slow linear extension has now been investigated. 

The excised cervix was placed in Ringer—Locke’s solution containing the test 
substance and left in the refrigerator at 5° C during the night to allow penetra- 
tion. It was incubated for 15 min at 37° C, then suspended in fresh Locke’s 
solution and tested by the same method as before, i.e. by pulling out between 
two parallel rods, one through each canal (Harkness & Harkness, 1956). 

Trypsin (Crystalline, Armour (0-5 mg/ml.)) in a concentration suitable for 
removing epidermis without killing cells (Medawar, 1941) was found to increase 
greatly the rate of linear extension. Chymotrypsin (Crystalline, Armour, 
0-5 mg/ml.) had the same effect. Tensions under load were in the region of 
2-5 g/mm? tissue or 100-400 g/mm? collagen (estimated by Neuman & Logan, 
1950 method from hydroxyproline). Breaking tension was also reduced by 
these enzymes. Similar results were obtained on rings of tissue cut from 21-day 
pregnant uterus and from the skin of the body wall in new-born rats. In 
contrast, hyaluronidase (testicular, ‘Hyalase’ Benger 1500 u./ml.) had no 
effect in any of these tissues. 

Neither chymotrypsin nor trypsin attacks collagen. These results therefore 
indicate that extension occurs by slip between the collagenous fibrils, and that 
the substance controlling the rate of slip, and ultimately holding the tissue 
together, is a protein or contains protein as a major component. The results 
support the views of Day (1947) on the so-called ‘cement substance’, and 
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indicate its importance in relation to the mechanical properties of the 
tissues. 

We are grateful to the Medical Research Council for a grant for this work. 
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The peripheral neural mechanism of exercise hyperpnoea. By 
C. T. larta, U. H. Jauar and F. F. Kao. Department of Physiology, 
State University of New York, Downstate Medical Center, Brooklyn, New 
York, U.S.A. 


Previous studies in which decerebrate dogs were used revealed that the cere- 
bral cortex and forebrain are not essential to the reactions producing exercise 
hyperpnoea (Kao, Schlig & Brooks, 1955). Cross-circulation experiments 
demonstrated that the increased ventilation during muscular exercise was 
evoked by neurally and humorally transported stimuli (Kao & Ray, 1954). 
The humoral agent, which was the CO, produced during exercise, could be 
eliminated by passing the blood from exercised muscle past ‘overventilating’ 
lungs before it came in contact with peripheral or central chemoreceptors 
(Kao, 1956). 

In the present work the neural mechanisms involved in exercise hyperpnoea 
were studied with similar techniques. (1) The hind limb, isolated from the 
body of the animal in which respiratory activity was tested except for its 
neural connexions, was perfused from a donor animal, The absence of venti- 
lator responses, when the donor was made hypercapnic, hyperacidemic and 
hypoxic by 8 min of rebreathing, was considered to indicate that no chemo- 
receptors of the leg responsive to Poo,, Po,, and Py participated in exercise 
ash hyperpnoea, (2) When muscle contractions were produced in the perfused 
limb by ventral root stimulation hyperpnoea occurred. When curare was used 
to block the contraction induced by motoneurone stimulation it was found that 
contraction induced by direct muscle stimulation still provoked some increase 
in ventilation. (3) Next the nerves supplying the leg were cut and various 
afferent trunks were stimulated. The same stimulator and rhythms of stimu- 
lation were used as when hyperpnoea was produced by motor nerve excitation. 
Stimulation of skin nerves (sural) produced no change in ventilation. Stimu- 
lation of muscle afferents, on the other hand, did increase ventilation. This 
response could be eliminated by a partial chordotomy. (4) Stretching the 
muscles of the hind limb at the same frequency as the contractions in exercise 
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produced no significant change in ventilation. This observation suggests that 
the peripheral ‘muscle receptors’ responsible for exercise hyperpnoea are 
different from those affected by stretch; they are therefore tentatively labelled 
“ergoreceptors’. 

This work was supported in part by a USPHS grant—no. H-4032 C6 R1. 
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Multiple innervation of chick muscle fibres. By B. L. Gryszore. 
Pharmacological Laboratory, University of Edinburgh 

When a micro-electrode is inserted into a single muscle fibre of the chick’s 

biventer cervicis, a red muscle, spontaneous electrical activity may be 

recorded which resembles the miniature end-plate potentials in muscle fibres 

of other species. In some fibres of the biventer cervicis, the time course of 


Fig. 1. Records taken with an internal micro-electrode from two Single muscle fibres of the 
isolated biventer cervicis muscle. A. Spontaneous activity: (a) a ‘burst’ of miniature 
end-plate potentials (m.e.p.p.’s), (b) a selection of single m.e.p.p.’8. Note the variation in 
time course. B. Responses in another fibre to three stimuli, stimulus strength increasing 
from (a) to (c). Nerve-muscle transmission partially blocked to reduce movement by bathing 
preparation in a solution containing 20% normal NaCl together with Tris (hydroxymethy! 


amino-methane Cl). Maximal stimulus (c) gave rise to an action potential whose peak was not 
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the potentials is relatively constant and the amplitudes are normally distri- 
buted, with a standard deviation of about 30% of the mean. These potentials, 
like those recorded in frog twitch fibres (Fatt & Katz, 1952) and mammalian 
muscle fibres (Boyd & Martin, 1956), probably originate at a single end-plate 
near to the recording electrode. More usually, the spontaneous activity 
resembles that seen in the slow fibres of frog muscle (Burke, 1957): there are 
large variations in time course (Fig. 1A), the rise time may, for example, 
vary by a factor of seven, and the smaller potentials occur most frequently. 
These potentials therefore probably originate at a series of end-plates at 
varying distances from the site of recording. Furthermore, the distributed 
end-plates are innervated by more than one motor axon, as is illustrated in 
Fig. 1B: when graded stimuli are applied to the whole nerve trunk, graded 
responses may be recorded from a single muscle fibre (a, }). 

The distributed innervation of muscle fibres in red muscle of the fowl suggests 
that the contracture of this type of muscle in response to acetylcholine 
(Gasser & Dale, 1926; Brown & Harvey, 1938) arises in the same way as the 
contracture of the similarly innervated slow muscle fibres of the frog (Kuffler & 
Vaughan Williams, 1953) but a notable difference between the two types of 
fibre is the ability of that of the chick to produce action potentials (Fig. 1B 
(c)) in response to stimulation of a sufficient number of motor axons. 
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Effect of length of carbon chain on intestinal absorption of volatile 
fatty acids. By R. J. C. Barry and D. H. Smytu. Department of 
Physiology, University of Sheffield 


Smyth & Taylor (1958) have shown that acetate, propionate and butyrate are 
transferred against a concentration gradient by the rat intestine in vitro. 
Deuel, Reifman & Hallman (1941) reported a difference in the rate of absorp- 
tion of odd and even fatty acids, and experiments were therefore undertaken 
to study the effect of length of carbon chain on intestinal transport of fatty 
acids. Experiments were carried out both in vivo and in vitro, and fatty acids 
with two to six carbon atoms were studied. 

For the experiments in vitro, sacs of everted small intestine (Wilson & 
Wiseman, 1954) were used. Krebs’s bicarbonate saline containing 500 mg 
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glucose/100 ml. was used, with acetate, propionate, butyrate, N-valerate and 
N-hexoate added in concentrations from 5 to 80 mm. Sacs 30 cm long, con- 
taining 3 ml. of saline with fatty acid, were suspended in 50 ml. of the same 
solution, so that the initial concentration was the same on mucosal and serosal 
sides. After shaking for 60 min at 38° C the concentrations and volumes of 
mucosal and serosal fluids were measured, and the transfer of fatty acid 
calculated. The results showed that all the fatty acids tested could be moved 
against a concentration gradient, so that previous results are now extended to 
include valerate and hexoate. There was, however, no significant difference 
between the odd and even fatty acids. Instead, a significant difference was 
found depending on the total length of the carbon chain as shown by inhibition 
of transport of both fluid and fatty acid at higher concentrations. Fluid — 
transport was markedly inhibited with 20mm hexoate, 40mm valerate, 
60 mm butyrate and propionate and 80 mm acetate. 

The rates of absorption were also studied in vivo by the method of Jervis, 
Johnson, Sheff & Smyth (1956). In this procedure absorption is not against a 
concentration gradient. Solutions containing fatty acid were circulated through 
the intestine and different fatty acids were compared in the same animal in 
two 20 min periods, separated by a period of 20 min. The experiments con- 
firmed the results in vitro in showing no obvious difference between odd and 
even numbers of the series. The relative rates of absorption at 20 mm (taking 
acetate as 100) were acetate 100, propionate 112, butyrate 114, valerate 112, 
hexoate 120. 

There was therefore no significant difference in the rate of transfer of odd 
and even fatty acids either in vivo or in vitro. Higher concentrations of all 
fatty acids produced inhibitory effects in vitro, and the concentration necessary 
to produce inhibition decreased with increasing length of chain. 
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Mechanism of production of coronary and allied chemoreflexes by 
certain amidine derivatives. By F. N. Fastrer, M. A. McDowaLi 


and Henprieka Waar. Department of Physiology, King’s College, 
London, W.C. 2 


A right atrial depressor reflex. By J. J. Jones. Department of 
Physiology, University of Shiraz, Iran 


The effect of the right atrial pressure on the vasomotor system of the dog under 
pentobarbitone was studied, by using McDowall’s (1933) innervated, perfused, 
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Fig. 1. Records from above downwards show perfusion pressure, left atrial pressure, right atrial 
pressure and pulmonary arterial pressure (cm water), mean arterial pressure (mm Hg) and 
time. Between the signals, 70 ml. of Krebs’s solution was infused intravenously and the 


right atrio-ventricular opening was obstructed with a balloon. 
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skinned hind-leg preparation. By compressing the pulmonary artery at its origin 
during an intravenous infusion of Krebs’s bicarbonate solution, the pressures in 
the right atrium and ventricle were raised, but not in the pulmonary or systemic 
arteries or in the left side of the heart. In agreement with Aviado et al. (1951) 
it was found that an increase in right cardiac pressure produced a reflex vaso- 
dilatation which was prevented by vagotomy. In seventy-six observations on 
thirteen dogs, the average decrease of peripheral resistance produced by 1 cm 
rise in venous pressure was 0-3-0-6 %. 

By inflating a balloon in the right atrium, the atrio-ventricular opening was 
obstructed so that an intravenous infusion produced a rise in right atrial 
pressure alone (Fig. 1). This increase of pressure also produced a reflex vaso- 
dilatation in the leg which was prevented by vagotomy. This is the right atrial 
depressor reflex. In 140 observations on sixteen dogs, the average dilatation 
produced by 1 cm rise in venous pressure was 0-1—0-3%. Since an increase of 
right atrial pressure alone produced less dilatation than when the right ventri- 
cular pressure was also increased (x* = 6:1, P < 0-02), presso-receptors 
producing a depressor reflex must also be situated in the right ventricle. 

It was estimated that only one-seventh of the dilatation produced by intra- 
venous infusion was due to the rise in right atrial pressure. Reflex vaso- 
constriction did not occur as in the cat (McDowall, 1934). 
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Oxidation of 5-hydroxytryptamine (5-HT) by gill plates of Mytilus 
edulis. By H. Btascuxoand A.8. Mitton. Department of Pharmacology, 
University of Oxford : 

It has been shown that acetylcholine is formed and hydrolysed by gill plates 

of Mytilus edulis (Biilbring, Burn & Shelley, 1953; Milton, 1959), but little is 

known about the turnover of biogenic amines in this tissue. 

- Homogenates of gill plates consumed oxygen when 5-HT was added. 

5-Hydroxytryptophan was similarly oxidized, but no oxygen uptake occurred 

with tryptamine or tyramine. With the 5-hydroxyindoles, a dark colour 
appeared ; no fluorescent compound was formed. With dopamine, some oxygen 
uptake occurred, together with formation of a dark pigment. 

Iproniazid did not inhibit the oxidation of 5-HT, but cyanide abolished 
both oxygen consumption and appearance of colour. 

It is concluded, in agreement with earlier findings (Blaschko & Hope, 1957), 
that amine oxidase is absent from the gill plates, but that there exists in this 
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tissue a catalyst of a different type of oxidation of 5-HT. One possible re- 
action is the conversion of 5-HT to the 5,6-dihydroxyindole believed to be 


. present in the pericardial organ of crustaceans (Carlisle, 1956); another is the 


formation of a quinone-imine as discussed by Blaschko & Philpot (1953). 
Earlier observations on the occurrence of amine oxidase in the anterior 
retractor muscle of the byssus and in the digestive gland of M. edulis have 
been confirmed. 
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Effect of adrenalectomy on the renal response ofa dog to vasopressin. 

By R. B. Cross. Physiology Department, University of Edinburgh 
When vasopressin is administered intravenously to dogs during a water 
diuresis there is an immediate antidiuresis and a simultaneous increase in the 
urinary output of Na, K and Cl (Brooks & Pickford, 1958). There is also a 
delayed increase in Na output which is apparently due to a secondary decrease 
in aldosterone production resulting from fluid retention (Bartter, Liddle, 
Duncan, Barber & Delea, 1956). The present experiments were designed to see 
whether the immediate increases in electrolyte excretion produced by vaso- 
pressin were also dependent on alterations in adrenal function. 

An adult female dog of 15 kg was subjected to bilateral adrenalectomy and 
maintained on 8 mg hydrocortisone and 0-7 mg DOCA daily. Water diuresis 
was induced by the oral administration of 250 ml. tap water and urine was 
collected every 10 min. All observations were made with the animal fully con- 
scious. In twelve experiments vasopressin was administered intravenously at 
the peak of diuresis in doses of 4 m-u. followed by an infusion of 0-2 m-u./min 
for from 8 to 15 min. In all cases there was an immediate antidiuresis which 
outlasted the infusion by approximately 20 min. The urinary excretion of one 
or more of the electrolytes, Na, K or Cl, increased during the antidiuresis in 
all the experiments. Sodium excretion was increased in only five of the twelve 
experiments and the increase did not exceed 25%. Potassium excretion was 
increased on ten occasions and increases of 100% were recorded in five of these 
experiments. Increases in Cl excretion as large as 50°% were seen in ten 
experiments. These changes are similar to those produced by vasopressin in 
the normal dog except that it is unusual to see such large increases in K 
excretion. 

On four occasions the daily dose of steroids was withheld until after the 
experiment was completed, and on five occasions two or three times the usual 
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dose of DOCA was administered 4 hr before the experiment began. In both 
these groups of experiments vasopressin, when administered during a water 
diuresis, produced an increase in K excretion; Na excretion was increased by - 
vasopressin in four out of five experiments before which a high dose of DOCA 
was given, but not in those before which treatment was withheld. At the 
beginning of the low-steroid experiments K accounted for 16-5% (s.p. 
+ 3-36 %) of the total urinary Na+K, increasing to 55% (s.D. +9°8%) after 
vasopressin. In the high-steroid experiments K accounted for 40-5% (s.p. 
+9-25°%) of the total urinary Na+K, being increased by vasopressin to only 
59-8 % (s.p. +3-42%). 

It would appear, therefore, that vasopressin causes an immediate increase 
in electrolyte excretion which is not mediated by changes in adrenal function; 
but that the nature of this increased excretion is determined by the level of 
adrenal steroids circulating at the time. 


I am indebted to Dr L. M. Pickford for performing the operations in order to comply with 
Home Office regulations. 


REFERENCES 
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Bartter, F. C., Liddle, G. W., Duncan, L. E., Barber, J. R. & Delea, C. (1956). J. clin. Invest. 
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Some observations on fatigue in the giraffe. By C. P. Luck and 
P. G. Wrient. Department of Physiology, University College, London 


Presynaptic failure of neuromuscular propagation. By K. Krnyevic* 


and R. Mireprt. Department of Physiology, Australian National Uni- 
versity, Canberra, Australia 


We have studied in greater detail the phenomenon of presynaptic failure 
observed in rat muscle during repetitive nerve stimulation (Krnjevi¢ & Miledi, 
1957, 1958). Most experiments were performed with the rat diaphragm in vitro 
but observations were also made with rat muscle in situ, in both cases using 
an intracellular glass micro-electrode to record the activity of muscle fibres 
near their end-plates. 

The frequency of occurrence of intermittent failure in any one fibre was 
strongly influenced by changes in the prevailing temperature. At room 
temperature, temporary warming diminished the incidence of failures and 
cooling very much increased it, in both cases reversibly. However, if the 
preparation was kept at 37° C, many more fibres showed early complete failure 
of transmission than at 23° C, but few complete failures were seen at 16° C. 


* Present address: A.R.C. Institute of Animal Physiology, Babraham, Cambridge. 
t Present address: Biophysics Department, University College London. 
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Fibres showing intermittent presynaptic failure were substantially resistant 
to large changes in the external concentration of glucose, H+, K+ or Ca*+. 
It does not seem likely that these factors play an important part in the causa- 
tion of failures. On the other hand, the fibres were very sensitive to variations 
in the oxygen supply: by using an oxygen electrode, a close correspondence was 
found between anoxia and the severity of transmission block. These changes 
were fully reversible. 

It is therefore probable that anoxia in the depth of the muscle (cf. Creese, 
Scholes & Whalen, 1958) causes a block of nerve conduction. This hypothesis 
is supported by the fact that the presynaptic block can often be relieved by 
anodic polarization of the distal part of the nerve, and aggravated by cathodic 


polarization. 
REFERENCES 
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Stabilizer and labilizer effects and antagonisms demonstrable 
with monomolecular films of stearate. By N. L. Gersureip and 
A. M. Suanes. National Institutes of Health, Bethesda, Md., U.S.A. and 
Office of Naval Research, Keysign House, London, W. 1 


It is convenient to classify a number of physiological and pharmacological 
agents either as stabilizers or as labilizers. The former reduce the bioelectrical 
and permeability changes of excitable cells in response to stimuli orto excitatory 
substances while the latter, also referred to as unstabilizers, increase these 
changes (Shanes, 1958). Stabilizers also reduce the membrane conductance 
and leakiness to ions, usually with little change in the resting potential, 
whereas labilizers have the opposite effect and depolarize. 

Skou (1954, 1958) has shown that the potency of local anaesthetics, alcohols, 
and other stabilizers in blocking nerve conduction is closely paralleled by the 
ability to increase the ‘spreading force’ of monomolecular films of stearate 
and of lipid extracts on Ringer’s solution. This parallelism may reflect simi- 
larity in the interactions that take place in the films and in the living membrane. 
It seemed to us that this point of view would be strengthened if labilizers, such 
as certain veratrum alkaloids, could be shown to have different effects from 
stabilizers on these films and to exhibit the antagonisms that are now well 
known with nerve membranes. 

The actions of veratrine, veratridine, cevadine, veracevine, and veratra- 
mine* on stearate films support this view. Thus, the first three pharmacological 
agents, at concentrations effective in depolarizing nerve and in rendering it 


* Professor Otto Krayer kindly provided the pure alkaloids. 
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more leaky to ions (2x 10-'m), share the property of making the films un- 
stable. That is, under conditions of high compression, when the film molecules 
approach a vertical alignment, the spreading force is not maintained but 
declines steadily—an effect probably due to the removal of stearate molecules 
from the film through formation of a soluble alkaloid-stearate complex. Vera- 
cevine, at the same concentration, is inert pharmacologically and has no effect 
on the films. Veratramine, which acts only as a stabilizer on muscle (Krayer & 
George, 1951), exhibits only the stabilizer effect on the films, namely, an 
increase in the spreading force. 

Antagonisms that have been demonstrated in nerve are readily duplicated 
with these films. Thus, calcium, lowering of the pH, and stabilizers, which 
reduce or prevent the depolarization and the ionic leak caused in nerve by 
labilizers (Shanes, 1951, 1952; Straub, 1956), also prevent the film instability 
induced by the labilizers. 

It is tempting to propose that these numerous correlations between the 
effects on monomolecular layers and on the membranes of excitable cells are 
not fortuitous but rather the consequence of similar physical interactions. 
Further exploration of surface films of stearate and other lipoidal substances 
appears desirable as a basis for improving our understanding of the action of 
stabilizers and labilizers and for the design of new experiments on natural 


membranes. 
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» Observations on plasma amine oxidases. By H. Buascuxo. Depart- 


ment of Pharmacology, University of Ozford 


Responses of single visual receptor units in the optic lobe of the 
locust. By E. T. Burrr and W. T. Carron. Departments of Zoology 
ao oe King’s College, University of Durham, Newcastle wpon 

yne 

In previous studies on the visual responses elicited from the optic lobe and 

nerve cord of the locust (Burtt & Catton, 1954, 1956, 1959) discharges from 

many units were present in the records, and it was not possible to follow the 
behaviour of individual units. The impression gained was that there was little 
difference in the total discharge as between conditions of light and dark 
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adaptation, the responses recorded being those due to on/off and movement 
stimuli superimposed on a background of spontaneous activity, not apparently 
related to illumination. Recently, by using glass-shielded electrodes of 20 u 
silver and 10 » platinum wires and searching more critically in depth, single 
unit responses have been recorded in fourteen experiments on the optic lobe, in 
twelve cases in the depth range 1-00—1-15 mm, in two cases at 1-50—1-60 mm. 
These depths correspond to the outer and inner borders of the second synaptic 
region. In any one experiment the response was localized within less than 
0-1 mm in depth. Most units gave a slow steady discharge in both the light- 
and dark-adapted states; one gave no dark discharge. On and off discharges 
were obtained in all cases but one (unit giving no dark discharge) where the off 


_ response was absent. The peak frequencies at on and off were much higher than 


the adapted rates, and fell off in about 10 sec to the steady adapted values. In 
general there was little difference between the light- and dark-adapted rates; 
in six cases they were equal; in six others the dark-adapted rate was slightly 
higher; in only two cases was the light-adapted rate the higher. These last two 
units also differed from the rest in that (a) the off response was weak in one 
and absent in the other, (6) the discharge rate increased with increase in light 
intensity, there being a linear relation between discharge rate and logarithm 
of intensity of illumination, over a certain range of intensities. All except two 
of the units studied failed to give responses to movements, such as are readily 
obtainable from other parts of the second synaptic region. All the responses 
were abolished by small doses of nicotine injected into the optic lobe, proving 
their dependence on synaptic connexions from the photoreceptors. 

Thus it appears that units exist in the optic lobe of the locust which show 
activity at on and off, discharging at steady rates only slightly affected by the 
state of light- or dark-adaptation, and that these units are often distinct from 
those which respond to movement stimuli. 


REFERENCES 
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Cardiac output in the cat: the effect of lowering the pressure in the 
carotid arteries. By A.C. Groom, B. M. A. Lérvine,* 8. RowLanps 
and H. W. Tuomas. Department of Physics, St Mary’s Hospital Medical 
School, London, W. 2 

‘There has been little agreement as to the influence of carotid sinus reflexes 

on the output of the heart’ (Heymans & Neil, 1958). The present experiments 


* British Council Scholar, on leave from the University of Géteborg, Sweden. Present address: 
Department of Physiology, St Thomas’s Hospital, S.E. i. 


un- a 
but 
nles 
tect 
r& 
an | 
ted 
ich 
by 
ity | 
the 
are 
ces | 
of 
he 


¥ 


4 
whe 
—— 


60P PROCEEDINGS OF THE PHYSIOLOGICAL 


were designed to measure any change in cardiac output which occurred when 
the systemic blood pressure was raised in response to depression of activity in 
the carotid baroreceptors. 

Cats were anaesthetized with a mixture of chloralose and urethane after 
induction with ether. The thorax was opened by removing a piece of the third 
or fourth left rib close to the sternum and a screw clamp was placed around the 
innominate artery near to its origin. The chest was then closed around the 
shaft of the clamp. Mean blood pressures were recorded in the right femora] 
artery and in a loop cannula in the left carotid artery. Cardiac output was 
measured by a radioactive indicator dilution method (Groom & Rowlands, 1958) 
using erythrocytes labelled with **P. The dilution curves were recorded from 
a plastic loop which formed an anastomosis between the left femoral artery 
and vein. The resistance of this loop was adjusted to give a flow of blood of 
about 10 ml. min~ at normal arterial blood pressure. 

In eight animals, ninety-two measurements of cardiac output were made in 
pairs, each comprising one control measurement with the clamp open and one 
with the clamp adjusted to reduce the mean pressure in the carotid artery 
by 10-20mm Hg. This manceuvre produced a considerable decrease in 
carotid arterial pulse pressure and a rise in mean femoral arterial pressure of 
50-80 mm Hg. Observations were made before and after cutting the left 
vagus nerve. In three experiments the animals breathed spontaneously; in 
the others respiration was maintained by a Starling ‘Ideal’ pump at the pre- 
operative minute volume. 

There was no consistent pattern of change in cardiac output after reducing the 
pressure in the carotid arteries, either in the series of experiments as a whole 
or in any individual experiment. The results can best be expressed by pairing 
each observation of cardiac output at reduced carotid pressure with its control 
and taking the ratio. The over-all mean ratio (with standard deviation) was 
1-01 + 0-08 (8 pairs) with the vagi intact and 0-99 + 0-16 (38 pairs) when the 
left vagus had been severed. 


This work was aided by grants from the Royal Society, the Medical Research Council and 
the Endowment Fund, St Mary’s Hospital. 
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Some actions of cocaine on frog sartorius muscle. By M. H. Drapzr, 
H. Friesen and K. Karzer. Department of Physiology, University of 
Edinburgh, and Department of Pharmacology, University of Bonn 

The purpose of the present experiments was to study the ‘stabilizing’ action 

of local anaesthetics (vide Shanes, 1958) under conditions which involve 

changes in internal ionic concentrations. Experiments were performed on 
pairs of frog sartorii muscles; one muscle was used as a control either in 

Clark—Ringer’s solution or 0-7 ° NaCl and the other was placed in the same 

solutions with the addition of cocaine 100-1600 ~g/ml. Mean cell resting 

potential changes were obtained with intracellular micro-electrodes by 
sampling twenty fibres in each muscle at intervals. Sodium and potassium 
analyses were carried out on pairs of muscles carried through parallel experi- 
ments and sacrificed at appropriate intervals corresponding with the resting 

potential measurements. Temperature was maintained at 16° C. 

Muscles left in Clark—Ringer’s solution maintain their mean resting po- 
tential for at least 6 hr. If cocaine (400 ~g/ml.) was added, the mean resting 
potential fell continuously from an initial 88 mV (s.p. 3, m = 80) reaching in 
4hr 64mV (s.p. 7, » = 80). The depression of resting potential was dose- 
sensitive; the smallest concentration which seemed to be active was 200 ug/ml. 
Concentrations up to 1600 wg/ml. were tested but these were not much more 
effective in 4 hr than the 400 ~g/ml. concentration. This depression of resting 
potential was completely reversed after 2 hr further soaking in Clark-— 
Ringer’s solution alone. 

The sodium content of control muscles increased in the 4 hr period from 
18-4 mm/kg wet muscle (s.D. 2-9) to 28-7 mm (s.D. 7-3). The potassium content 
decreased from 85-1 mm (s.p. 5-0) to 72-0 mm (s.D. 4:1) (mean values of twelve 
muscle pairs). Cocainized muscles (twelve muscle pairs, 400 wg/ml.) had a 
sodium increase from 26-6 mm (s.D. 3-8) to 31-5 mm (s.D. 5-4) and a potassium 
decrease from 82-8 mm (s.pD. to 74-3 mm (s.D. 6-4). 

Further experiments were performed on pairs of muscles placed for 2 hr in 
0-7°% NaCl and then in Clark—Ringer’s solution for 2 hr, with and without 
400 wg/ml. cocaine. After 2 hr in 0-7°% NaCl the mean resting potential of the 
control and cocaine-treated muscles was 54 mV (s.D. 7) and 55 mV (s.p. 10). 
(In these and subsequent k.P.’sm = 160.) There is thus no significant difference 
in the resting potential between control and treated groups of muscles. There 
is, however, a difference in the sodium and potassium concentrations. The 
control muscles contained 37-5 mm Na (s.D. 6) and 73 mm K (s.p. 8) compared 
with the paired cocainized muscle content of 30-6 mm Na (s.D. 4) and 82 mm K 
(s.D. 6) (twenty-three muscle pairs). The water content of the muscles changed 
very little during these procedures and it can be inferred that the passive 
movements of sodium and potassium ions across the cell membrane were 
reduced by the action of the cocaine. 
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During recovery there was a further loss of potassium from both sets of 
muscles accompanied by a small decrease in sodium content. The control 
muscle resting potential rose to 83:5 mV (s.p. 5) but the cocainized muscle 
only reached 64-6 mV (s.p. 6) after a further 2 hr in cocaine—Ringer’s solution. 

These results are in agreement with the findings that passive movements of 
potassium (Hardt & Fleckenstein, 1949; Shanes, 1952) and sodium (vide 
Shanes, 1958) are depressed by cocaine. However, the resting potential 


changes are unexpected and are not readily explained on the basis of the | 


simple Goldman equation. 
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Concentration of radio-iodide by rat skin. By K. Brown-Grant and 
G. Pernes.* Department of Physiology, University of Birmingham 
Attempts to measure the rate of release in vivo of I from the thyroid gland 
of suckling rats were complicated by the presence of persistently high levels 
of extra-thyroidal "I in the body. This radioactivity was found to be present 
largely in the skin. Acute experiments demonstrated a concentration of 
radio-iodide above blood or plasma levels by the skin of both suckling and 
adult rats; this concentration could be prevented or reversed by the adminis- 
tration of potassium thiocyanate (10 mg/100 g body weight), suggesting that 
an active mechanism was involved. Long-term studies showed that in the 
adult, the percentage of the administered dose of radio-iodine in the skin had 
a maximum value of about 35% 4 hr after injection and then fell rapidly, to 
reach a level of 5% by 24 hr, which remained fairly constant for some days. 
The sucklings, however, were found to have about 30% or more of an injected 
dose of "I in the skin for periods up to 5 days after injection. At all periods 
up to 12 days after injection the skin content of “I exceeded that of the thyroid. 


The implications of these observations for radio-iodine studies in rats of 


different ages are discussed. 


The action of adrenaline on phosphorylase activity and membrane 
potential of smoooth muscle. By J. Axetsson,} E. Bueprnet and 


Evita Bitsrine. Department of Pharmacology, University of Oxford 
The taenia coli from a guinea-pig was divided into eight to ten pieces of the 
same im situ length. A strip of one of these portions was used for recording 
tension and membrane potential changes, using the sucrose gap technique. 


* International Atomic Energy Agency Fellow. 
t Riker Fellow. t Senior Fulbright Scholar. 
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The remaining portions were suspended in an isolated organ bath and subjected 
to the same experimental conditions as those in which the electrical records 
were obtained. At predetermined time intervals a piece of taenia was removed 
for the determination of phosphorylase activity. 

Adrenaline, in a concentration of 1 x 10-’, was found to increase phosphory- 
lase activity in nine out of nine experiments and in eleven out of fourteen 
observations. The maximum effect was usually seen 2 min after the appli- 
cation of adrenaline. In the parallel strip, from which electrical records were 
obtained, adrenaline caused in the majority of the preparations a hyper- 
polarization and this occurred, without exception, at the time at which the 
increase in phosphorylase activity was seen. 

In three out of nine experiments adrenaline caused depolarization. When this 
was observed phosphorylase activity was either found to be unchanged (three 
observations) or the increase was delayed. Adrenaline always abolished spike 
discharge whatever the change in membrane potential. 

It has been suggested that adrenaline causes hyperpolarization by stimu- 
lating an electrogenic sodium pump (Burnstock, 1958). It has also been 
suggested (Weidmann, 1956) that in heart muscle adrenaline might increase 
the membrane permeability to sodium. If we assume that adrenaline has this 
action in smooth muscle also, in addition to its metabolic effect, the observed 
changes in the membrane potential would be the resultant of the two opposing 
actions, 

In order to reduce the metabolic effect of adrenaline we carried out experi- 
ments in glucose-free solution. The removal of glucose itself caused an initial 
increase in phosphorylase activity, and in the parallel strip we again observed 
hyperpolarization. After several hours spikes gradually failed to produce 
tension. Adrenaline at this stage was able to restore, for a short time, the 
response of the contractile mechanism. Prolonged exposure to glucose-free 
medium gradually abolished the hyperpolarizing action of adrenaline as less 
substrate was available for supplying energy (glycogen fell from 0-082 to 
0-017°% wet weight). Eventually adrenaline caused depolarization only and 
it initiated spikes. 

REFERENCES 
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A study of peristalsis of the large intestine in vitro. By C. Y. Lrr*. 
Department of Pharmacology, University of Oxford 
Peristalsis of guinea-pigs’ and rabbits’ descending colons was recorded by the 
method of Bilbring, Crema & Saxby (1958). 
The threshold of intraluminal pressure required to elicit the peristaltic 
* Sino-British Fellowship Trust Scholar. 
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reflex was found to be higher than for the small intestine; in most preparations 
it varied between 50 and 70 mm H,0. Moreover, a relaxation of both muscle 
coats allowing the pressure to fall well below threshold and leading to a 
considerable distension of the lumen was essential before a peristaltic wave 
occurred. The duration of the emptying phase was about 20 sec, compared 
with about 5 sec in the small intestine. 

Intraluminal application of 5-HT 10-* to 10-* during regular peristaltic 
activity increased its frequency. During irregular activity 5-HT abolished 
non-propulsive contractions and produced co-ordinated peristaltic waves. 
Higher concentrations, after an initial contracture, caused stimulation of peri- 
stalsis followed by depression. 

The amounts of 5-HT released into the lumen during peristalsis were of the 
same order of magnitude as in the small intestine (Bilbring & Lin, 1958) and 
directly related to peristaltic activity. 

While 5-HT release was increased about four times by raising the intra- 
luminal pressure from below to above threshold, extrinsic nerve stimulation 
produced much smaller effects. The lumbar sympathetic outflow and the pelvic 
nerve were stimulated at a rate of 10/sec for 1 min periods, using Garry & 
Gillespie’s method (1954). Sympathetic stimulation caused an immediate 
relaxation of both muscle coats and raised the threshold of intraluminal 
pressure required to elicit the reflex. Fluid transport was reduced and 5-HT 
release was decreased on the average by about 30%. Parasympathetic stimu- 
lation, if applied during a peristaltic wave, caused contracture of both muscle 
coats and thus momentarily prevented fluid propulsion. If applied during the 
phase of relaxation it produced an immediate peristaltic wave. In most 
experiments 5-HT release was not changed significantly. If there was a slight 
increase or decréase this was directly related to the effect produced on peri- 
staltic contractions. Similarly, variable results were obtained in the presence 
of atropine 10-*. This abolished the muscle contracture in response to pelvic 
stimulation but peristaltic activity continued at a slower rate. 

From the above results it is concluded that the 5-HT release is controlled 
by an intrinsic mechanism connected with peristaltic activity and is not 
controlled by the extrinsic nerves. 

REFERENCES 


Biilbring, E., Crema, A. & Saxby, O. B. (1958). Brit. J. Pharmacol. 13, 440-443. 
Biilbring, E. & Lin, R. C. Y. (1958). J. Physiol. 140, 381-407. 
Garry, R. C. & Gillespie, J. 8. (1954). J. Physiol. 128, 60-61 P. 


Thyroxine binding by serum proteins. By W. E. Batrour and 
H. E. Tunnicuirre. Physiological Laboratory, University of Cambridge 

Using paper electrophoresis Gordon, Gross, O’Connor & Pitt-Rivers (1952), 

found that thyroxine is bound to a post-albumin protein fraction (1.B.P.) 
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whose rate of migration is between those of the «, and a, globulins. Robbins & 
Rall (1955) confirmed this, but also found that binding occurs with albumin. 
The proportion of thyroxine bound by albumin was progressively increased as 
thyroxine levels were raised above normal physiological concentrations. 

Rich & Bearn (1958) by starch gel electrophoresis found that the principal 
binding zone now migrated ahead of the albumin, and not in the inter-alpha 
globulin position indicated by paper electrophoresis. 


Post-albumin (T.8.P.) 


mg protein/fraction 
Counts/min/fraction 


25 ss 35 40 645 50 55 60 65 70 75 
Fraction number 
Fig. 1. Distribution of protein O-O-—O- and radioactivity —— in human serum. 7-7 ml. serum 
with 0-8 ug/ml. of added ™I-labelled thyroxine. Zone electrophoresis 46 hr, 2000 V 45 mA, 
borate-phosphate buffer pH 8-6, 0-05 u. Volume of eluted fractions 5 ml. 


We have used the method of zone electrophoresis on cellulose columns 
(Porath, 1956). A typical result with human serum containing added radio- 
active thyroxine is shown in Fig. 1. 

In both human and rabbit sera three binding zones are clearly differentiated. 
Most of the binding occurs in the pre-albumin and post-albumin zones, and 
this remains true even at much elevated levels of thyroxine where Robbins & 
Rall (1955) using paper electrophoresis found predominant binding by albumin. 
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Histological changes due to organophosphate poisoning in chickens. 
By Ann Stiver. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 

Smith & Lillie (1931) originally suggested that triorthocresyl phosphate 

(TOCP) is a specific myelin poison, but later authors have said that the 

demyelination which follows administration of this, and certain other organo- 

phosphate compounds, is secondary to neuronal and axonal damage and the 
nerve lesion produced should be classed as Wallerian degeneration (Cavanagh, 

1954; Fenton, 1955). In view of these conflicting theories it was decided to 

re-investigate the problem. 

The lesions occurring in the sciatic nerves and spinal cord of hens dosed with 
TOCP were compared with those resulting from degenerative section of the 
sciatic nerve. Tissues of normal hens were also examined in order to assess 
possible artifacts which are easily produced in this species unless precautions 
are taken. Staining methods used for demonstrating demyelination included 
osmic acid vapour, methasol fast blue and the Marchi technique. In agreement 
with previous work it was found that the administration of TOCP produced 
demyelination of fibres in peripheral nerves and in certain tracts in the cord 
and brain. The demyelination was patchy and was apparently randomly dis- 
tributed along individual fibres throughout the course of a nerve. This is in 
disagreement with Cavanagh’s claim that damage is most marked in the distal 
part of the nerve. 

It appeared from sections stained by the silver method of Marsland, Glees & 
Erikson (1954) that the majority of axons remained intact even in those 
nerves shown by methasol fast blue to be severely demyelinated. This is in 
contrast to Fenton’s observation that in hens poisoned with di-isopropyl- 
fluorophosphate degeneration and demyelination occur to the same extent. It 
was always possible to find some swollen or fragmented axons but these did 
not occur more frequently than in control material; the dramatic degeneration 
which follows surgical section of nerves was never produced by TOCP. 

Staining with haematoxylin and eosin indicated some proliferation of 
Schwann cells, as described by Cavanagh, but the effect was slight in comparison 
with that occurring in true Wallerian degeneration. Macrophages were not in 
evidence. 

If axonal degeneration had occurred one might expect to find chromatolysis, 
but no chromatolytic cells were found in spinal cord or dorsal root ganglia 
stained with cresyl violet. TOCP does not inhibit the chromatolytic reaction, 
since operative section of the sciatic nerve after poisoning with TOCP produced 
classical chromatolysis of the anterior horn and dorsal root ganglion cells. 

These results do not provide evidence for a Wallerian reaction but tend to 
support the original idea of Smith & Lillie that TOCP may be a specific 
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myelin poison. In view of the danger of artifacts, however, it seems unwise at 
this time to draw definite conclusions about the site of attack of the drug from 
histological changes alone. 
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Kinins formed from bovine colostrum by kallikrein or saliva. By 
P. 8. Guru. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 


The main site of uptake of vitamin B,, by the small intestine of 
the rat, as determined in vitro. By J. L. Bett and D. M. Matruews, 


Department of Chemical Pathology, The Royal Free Hospital, London, 
W.C.1 


In experiments carried out in vivo to determine the site of absorption of 
vitamin B,,, the results may be affected by progressive destruction of the 
vitamin as it passes down the lumen of the gut (Booth, Chanarin, Anderson & 
Mollin, 1957). The present experiments were carried out in vitro. 

Rats were killed by a blow on the head, and the small intestine thoroughly 
washed out with saline. The small gut was opened and cut into rectangular 
segments at intervals down its length. These segments were gently shaken for 
1 hr in a high-Ca (10 mm) Krebs-Ringer solution containing *Co-B,,, at 
37° C under O,. They were then lightly blotted (in some experiments after a 
short rinse), weighed and dissolved in alcoholic KOH for counting. The 
initial concentration of cyanocobalamin in the Ringer solution was 1-0 ng/ml. 
The mean uptake by the gut wall in different regions is shown in Table 1. 


TaB_e 1. Mean uptake of vitamin B,, by different parts of the small 
intestine in the rat 


B,, uptake 
(ng/g 
Site wet weight) 
Duodenum 0-85 
Upper third 0-71 
Middle third 1-0 
Lower third 1-33 


No. of expts.: 9. No. of observations: 60. 


The relatively high uptake by the duodenum may be due to the large number 
of mucosal epithelial cells in proportion to the total tissue mass in this part of 
the gut wall. In the lower small intestine, the uptake of B,, is greatest, though 
the mucosa here is much thinner than in other parts of the small gut. In six 
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experiments, the final concentration of B,, in the wall of this region substan- 
tially exceeded that in the surrounding fluid. 

The results show that under the conditions described, which eliminate 
destruction of B,, as it passes down the lumen of the gut, the lower small 
intestine of the rat shows the greatest uptake of the vitamin. It is probable 
that absorption of B,, is a specialized function of the lower ileum in more than 
one mammalian species, including man. 
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Effect of carbachol on potassium and chloride flux in depolarized 
smooth muscle. By R. Dursin and D. H. Jenxinson. Biophysics 
Department, University College London 


Smooth muscle can contract in response to acetylcholine and carbachol even 
when bathed in isotonic potassium sulphate solutions. Under these conditions 
the cell membranes are depolarized and propagated action potentials do not 
occur (Burnstock & Straub, 1958; Evans, Schild & Thesleff, 1958). In the 
present experiments, “*K and **Cl have been used to study the movement of 
these ions into and out of the isolated depolarized taenia coli of the guinea-pig. 
The measurements have been made at room temperature (20—-22° C). 

After a brief initial period, the loss of ##K from the tissue followed a simple 
exponential law with a rate constant of 0-013 min—. Application of carbachol 
(3 x 10-’ g/ml.) led to a marked increase in the rate of efflux. To obtain a 
measure of this action, the loss of “*K during a standard (7 min) exposure to 
carbachol was divided by the amount lost during the same period in the absence 
of carbachol. This ratio was 2-3. Atropine (3 x 10-*) reversibly abolished the 
effect, as well as the accompanying carbachol contracture. 

The effect of carbachol on potassium uptake was examined by soaking two 
portions of taenia in “*K load solutions with and without 3 x 10-7 carbachol, 
again for 7 min; the muscles were then transferred to inactive solutions, and 
the amount of “*K taken up by each determined in efflux experiments. Di- 
viding the “K content of the carbachol-treated muscle by that of the control, 
the uptake ratio was found to be 1-9. 

The dependence of chloride fluxes on carbachol was examined in a similar 
manner. The exchange of *6C] was found to be more rapid than that of “K, 
the rate constant for efflux being 0-036 min. As with potassium, carbachol 
increased the rate of exchange. The ratios, calculated as before, amounted to 
1-44 from efflux, and 1-35 from uptake, experiments. These results suggest that 
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carbachol increases the permeability of the smooth muscle membrane to both 


cations and anions. 
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Intracellular binding of choline acetylase in the ventral spinal 
roots. By Carnertmne M. Krause and Ann Siiver. A.R.C. 
Institute of Animal Physiology, Babraham, Cambridge 


Earlier experiments on brain homogenates showed that most of the choline 
acetylase present is attached to the particulate and that 50-70% of the 
activity can be recovered in the large-granule or mitochondrial fraction 
which is precipitated by centrifugation at 300,000—450,000 g.min while 10% 
or less is recovered in the small-granule or microsomal fraction which is 
precipitated at 1,500,000 g.min. The particles containing choline acetylase 
could be separated from the mitochondria in the same fraction by centrifuging 
over sucrose solutions of graded densities (Hebb & Smallman, 1956; Hebb & 
Whittaker, 1958). 

In the experiments now reported we have examined the distribution of 
choline acetylase in homogenates of ventral spinal roots that have been 
fractionated in a similar way. This has been done on three species, the goat, 
the dog, and the rabbit. For each of these additional measurements were 
made to determine the distribution of enzyme in the sciatic nerves as well as in 
some parts of the central nervous system. The results show that the binding of 
the enzyme in the motor roots is very different in pattern from that observed 
in brain homogenates. 

The most striking difference is that in the motor roots little activity (10% 
or less) is associated with the large-granule fraction. 40-50% of the activity 
is found instead in the small-granule fraction. The amount of soluble enzyme, 
that is the enzyme present in the final supernatant, is less than 10%. 

Differences in the properties of the motor root enzyme also distinguish it 
from brain enzyme. Enzyme present in the large-granule fraction of brain has 
only about 20% of its normal activity in vitro unless it is treated with ether 
or acetone; but in the corresponding fraction of the motor roots the enzyme 
is nearly fully active without treatment or may be slightly inhibited by it. The 
enzyme from the motor roots also appears to be less stable and fractions derived 
from it may lose activity on incubation at 38° C for less than 1 hr. 

These observations, which are confirmed by observations on homogenates of 
sciatic nerves, suggest that the binding of choline acetylase in the axons of 
cholinergic nerves is different from its binding at other sites within the neurone. 
On this view the distribution of enzyme found in whole brain homogenates 
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may represent the average distribution for whole neurones. An alternative 
explanation is that the composition of peripheral cholinergic nerves is different 
from the composition of central cholinergic nerves. 
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Differential supraspinal control of spinal reflex actions from 
high-threshold muscle afferents. By Brreirra Hotmgvist and 
A. Lunpsere. Institute of Physiology, University of Lund, Sweden 


In spinal cats impulses in high-threshold muscle afferents evoke the flexion 
reflex actions with excitation to flexor and inhibition to extensor motoneurones. 
In decerebrate cats volleys in high-threshold muscle afferents are without effect ; 
the interneurones of the flexion reflex pathways are tonically inhibited from 
supraspinal centres (Eccles & Lundberg, 1959). 

Lesions have now been made in the brain stem to locate the centres main- 
taining this tonic inhibitory control. Complete release of inhibitory actions to 
extensor motoneurones occurred after a lesion placed caudally in the pons. The 
reciprocal excitatory action to flexor motoneurones was only released after a 
more caudal lesion in the medulla oblongata. These findings suggest inde- 
pendent control of pathways mediating inhibition to extensor and excitation 
to flexor motoneurones. 

It was also found that after a medial lesion in the pons, volleys in high- 
threshold muscle afferents evoke inhibition in flexor motoneurones. In Fig. | 
the monosynaptic test reflex from the knee flexors was conditioned from flexor 
digitorum longus. The curves were obtained after decerebration (@), after 
lesions in pons (4) and below obex (x). The inhibitory effect in Fig. 1 was 
evoked by impulses in Group II and III muscle afferents. The observation that 
Group II impulses can inhibit flexor motoneurones is of particular interest. 
In spinal animals Group II impulses facilitate flexor motoneurones and yet 
they constitute a homogeneous afferent system, quantitatively identified as 
afferents with flower-spray endings on muscle spindles (Hunt, 1954). Hence 
these afferents have one excitatory and one inhibitory pathway to flexor — 
motoneurones, both controlled from the brain stem. 

The functional implication is that the classical flexion reflex actions, of 
which the Group II effects presumably are a part, may be much more compli- 


cated in intact animals than could be postulated from the simple reciprocal 
pattern in spinal animals. 
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Fig. 1. The effect of a conditioning ae in the nerve to flexor digitorum longus on the mono- 
synaptic reflex from the nerves to posterior biceps itendinosus. 100% on the ordinate 
represents the unconditioned amplitude of the test reflex. Conditioned amplitude, expressed 
as percentage of control amplitude, is plotted as a function of time interval between the 
incoming conditioning and testing volleys. The three series of measurements were obtained 
after the lesions indicated in the figure, all at a conditioning stimulus strength of forty times 
threshold. 
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The effect of ingested ammonium chloride on the relation between 
pulmonary ventilation and the alveolar gas pressures in man. 
By D. J. C. Cunnrnenam, 8. Lanrei, B. B. Lioyp and D. G. 
University Laboratory of Physiology, Oxford 

The parameters of the equation V = (pCO,—B)(U/(pO,—C)+D) (Lloyd, 

Jukes & Cunningham, 1958) have been determined for five normal male 

subjects. Experiments were done on each subject for 2 or 3 weeks and during 
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the middle period, of some 5 days, about 12g NH,Cl was ingested daily. 
‘ Arterialized’ venous samples were taken for the estimation of haematocrit, 
0, content and capacity, blood and plasma CO, content and pH. 

There were no consistent changes associated with acidosis in the oxygen 
parameters U and C or in the CO, sensitivity parameter D. On the other 
hand B, which is closely related to the CO, threshold, was lowered during 
acidosis in every experiment, and was, over the range studied, linearly related 
to the plasma concentration of HCO;. 
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The use of helium and sulphur hexafluoride for assessing diffusive 
mixing in the human lung. By Marcaret W. McGrata and 
M. L. Tuomson. Department of Applied Physiology, London School of 
Hygiene and Tropical Medicine, London, W.C. 1 


Single-breath analyses of uniformity of ventilation have been carried out on one 
normal and one chronic bronchitic male, using inert gases of widely differing 
densities, helium (He, mol. wt. 4) and sulphur hexafluoride (SF,, mol. wt. 146). 
The inert gases (20-30% in air) were each inspired and expired maximally, 
without and with breath-holding for 15 sec. The gas concentration was sampled 
continuously just beyond the lips, measured by fast katharometer* and 
recorded, together with volume expired, on a cathode-ray oscilloscope with 
photographic attachment. The instrument is slightly sensitive to CO,, the 
deflexion produced being in the same direction as SF, and opposite to that of 
He. ‘Blank’ runs were therefore recorded breathing air so that the necessary 
corrections could be made to the inert gas traces. 

The change in concentration in the post-dead-space alveolar plateau is a 
measure of non-uniformity of ventilation as in the single-breath oxygen test 
(Comroe & Fowler, 1951). The effect of breath-holding is to reduce this gradient 
and it has been suggested the increased gaseous equilibration indicated by this 
change is due to molecular diffusive mixing (Rauwerda, 1946). If this is so, 
equilibration during breath-holding should be more advanced with He than 
with SF, for the same time, the lighter gas diffusing about 6 times faster than 
the heavier one. 

In the present study the mean percentage falls in concentration/500 ml. 
expirate were, with and without breath-holding, respectively, for the chronic 
bronchitic, He, 12-66, 5-17; SF,, 14-31, 9-89 (ten observations), and for the 
normal subject, He, 3-64, 1-93; SF,, 3-00 2-28 (two observations). 

We have taken as a measure of the extent of diffusive mixing occurring 
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during breath-holding the ratio of these percentages which were, for the 
bronchitic, He, 0-42; SF,, 0-72, and for the normal, He, 0-53; SF,, 0-76. In 
the first subject the difference between these ‘breath-holding ratios’ was 
significant (the distributions did not overlap). In the normal the difference 
was of the same order, although the degree of non-uniformity, as measured by 
the ‘without breath-holding’ concentration gradient, was much less. These 
results therefore support the view that the greater evenness in expired gas 
after breath-holding is due to diffusion. 

Of other possible causes for the observed effect, mass flow resulting from 
net volume change associated with respiratory quotient other than unity is 
unlikely to be appreciable. Cardiac pulsation, which is evident in a proportion 
of individuals as fluctuations in expired gas concentration, might contribute 
to the effect but in this event diffusion is likely to have been the major 
factor. 

Thanks are due to Dr P. Armitage of the Medical Research Council's Statistical Research Unit 


for statistical help and to the Central Research Fund of London University for a grant for 
apparatus. 
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Thyroid changes in cats on a high-protein diet, raw heart. 
By J. P. Greaves, M. G. Scorr and Parricia P. Scotr. Department of 
Physiology, Royal Free Hospital School of Medicine, London, W.C. 1, and 
Division of Histology, Royal Veterinary College, London, N.W. 1 


Changes in behaviour and in the skeleton due to Ca deficiency and Ca/P 
imbalance in kittens fed on raw heart were described on a previous occasion 
(Greaves, Scott & Scott, 1959). Hyperaemia, hypertrophy and hyperplasia of 
the thyroids were noted in kittens receiving the diet for 8 weeks or longer, 
from 10 to 14 weeks of age. The effects of supplements are shown below. 


Mean wt. and s.z. of 


thyroids + para- 
thyroids 
No. of (mg/100 g 

Diet kittens body weight) 
Raw heart only 9 17-61+0-99 
Raw heart +Ca 10 11-32+41-51 
Raw heart + I 4 10-49 
Raw heart + Ca +I 2 8-52 
Stock diet 7 12-68 + 1-19 


The thyroids, with parathyroids, of kittens fed on heart only were significantly 
heavier than those on heart +0-5% CaCO, (P = 0-005), or those on the stock 


diet (P = 0-01). Supplementation with I reduced the weight, but Ca+I had 
e-2 
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an even more marked effect. Enlargement of the parathyroids was apparent 
on all the low Ca diets. 

Histologically, thyroids of kittens receiving heart alone had reduced or 
absent colloid, uniformly small follicles with one or more layers of columnar 
cells and numerous dilated interfollicular capillaries. Ca supplements did not 
prevent hyperplastic changes, but 50 ug I daily partly, and 100 yg I completely 
prevented these changes. Heart contained 10-80 ug 1/100 g dry tissue, giving 
a daily intake of 5-40 wg per kitten. It would therefore seem that a daily 
intake of 100 to 150 ug I is necessary on this high-protein diet to prevent 
thyroid changes. McRoberts (1958) has shown that rats fed with a high level of 
casein (30%) require four times as much iodine as those receiving a 20%, 
casein diet. Verzhikovskaya (1957) using *4I fed meat to rats and also obtained 
evidence of a raised I requirement. 
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Balance studies on cats on a high-protein diet, raw heart. By 
A. HeuLWEN Roserts and Patricia P. Scorr. Department of Physiology, 
Royal Free Hospital School of Medicine, London, W.C. 1 


Nitrogen, Ca and P balances have been determined on kittens receiving a diet 
of raw ox heart. The effect of calcium and iodine supplements to the diet, on 
the retention and excretion of these elements, will be reported. Balance 
experiments have also been conducted on kittens receiving stock diet to 
establish the pattern of excretion in the normal animal. 

Two kittens, A and B, which had received unsupplemented raw ox heart for 
8 weeks commencing at 14 weeks of age, were in positive N and P balance. 
They showed a N retention of 0-75 g/day/kg body weight which agrees with 
the findings of Miller & Allison (1957) for growth on other diets. The two kittens 
showed a high calcium output in the urine and faeces, totalling 44 and 31 mg, 
respectively, per cat per day. The kittens were in extreme negative calcium 
balance, raw heart containing approximately 10 mg Ca/100g wet weight. 
During a second balance period kitten A showed signs of the dystrophy 
previously described (Greaves, Scott & Scott, 1959) and its total N retention 
was only 0-59 g over 4 days. 

The addition of 50 yg I daily to raw heart produced a marked fall in calcium 
output, the kittens achieving positive Ca balances. They became more active, 
less sensitive to handling and ceased to limp. 

Calcium was then added to the diet (0-5 g CaCO,/100 g wet wt. heart) and 
I withdrawn. This resulted in a marked rise in Ca output, mainly in the faeces. 
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During this period, the nitrogen retention of kitten A rose to 6-0 g/day and 
was accompanied by Ca and P retention. Kitten B failed to maintain a 
positive Ca balance when the iodine supplements were withdrawn. It developed 
a limp and did not achieve a positive calcium balance even when the diet was 
supplemented with CaCQ,. Further studies are in progress. 
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Investigations concerning the initiation of the peristaltic reflex 
in the guinea-pig ileum. By K. H. Gryzet. Academic Unit in 
Neurology, Institute of Neurology, Queen Square, London, W.C. 1 


Local anaesthesia, asphyxiation or removal of the mucous membrane were 
found to abolish the peristaltic reflex (Biilbring, Lin & Schofield, 1958). It was 
concluded that the mechanism by which the rise of intraluminal pressure 
elicited the reflex (Trendelenburg, 1917), was by stimulation of pressure 
receptors situated in the mucosa (Biilbring & Lin, 1958). 

In the experiments reported here a different approach was made to investi- 
gate the importance of the mucosa for the functioning of the peristaltic reflex 
in the guinea-pig ileum. It was reasoned that the mucous membrane could be 
selectively destroyed by local administration of a protein-precipitating 
chemical which, on contact with the tissue, would immediately produce a 
surface film of necrosis, and thereby prevent deeper penetration. Further, 
evidence was sought as to whether the pressure rise as such, or the distension 
caused by it, provides the adequate stimulus for eliciting peristalsis. 

A method was devised which permitted perfusion and active transport of 
fluid by peristaltic activity through the lumen of the intestinal loop. The 
preparation was mounted in an isolated organ bath of 25 ml. capacity at 
37° C containing Tyrode solution equilibrated with 95% O, and 5% CQ,. 
Recordings were made of the pressure to which the inside of the organ was 
exposed, of the amount of fluid delivered by each peristaltic wave and of the 
contractions of the longitudinal muscle coat. The method made it possible to 
distinguish unequivocally between true peristalsis and pendular movements. 

Among various substances and concentrations flushed through the lumen of 
the intestine, a 30% solution of silver nitrate and a 20% solution of tannic 
acid proved suitable when left in contact with the mucosa for 10 and 30 sec, 
respectively. This treatment, which resulted in a histologically verified destruc- 
tion of almost the entire thickness of the mucous membrane and parts of the 
muscularis mucosae and the submucosa, did not abolish the peristaltic reflex. 
Polythene tubes of 4-5, 5-5 and 6-5 mm diameter, were in turn placed over 
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the whole length of the preparation so that, when the intraluminal pressure 
was raised, a distension of known size was produced. Narrow slots cut length- 
wise in the tubes ensured adequate oxygenation of the intestine. With a 
distension of 5-5 mm, or 4-5 mm in the smaller preparations, the peristaltic 
reflex was completely suppressed ; even a rise of the intraluminal pressure to 
10 cm water was then ineffective. With a distension 1 mm greater, i.e. 6-5 or 
5-5 mm, respectively, peristaltic waves ensued. Thus a critical size of disten- 
sion, which could be aptly termed threshold distension, was found to exist. 

The findings permit the conclusion that, in the guinea-pig ileum, the 
integrity of the mucous membrane is not essential for the initiation of the 
peristaltic reflex. The structures whose stimulation elicits the peristaltic reflex, 
respond to stretch and not to pressure. 
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Streaming of blood through the right heart of the cat. By R. W. 
Torrance and A. Unear. University Laboratory of Physiology, Oxford 


It is usually assumed that the streams of blood entering the right atrium are 
completely mixed before they reach the pulmonary artery. Abernathy, 
Smith & Smith (1954) have, however, claimed that emboli entering the heart 
along the superior and inferior venae cavae are not identically distributed 


TaBLE 1. Percentage in each lobe of all spheres recovered from lung 


Right upper Right lower Left Left : 

Expt. and middle andazygos upper lower 
Jugular (mean of 7) 16-1 37-4 18-3 28-2 
Femoral (mean of 7) 11-3 32-6 13-5 42-6 
Mean difference 4-8 4-8 4:8 14-3 
s.E. of difference 1-3 1-05 1-55 1-9 
t 3-7 4-6 3-1 7-5 


among the lung lobes, and so have concluded that complete mixing does not 
occur on the right side of the heart. Their experiments were, however, done 
on rabbits, and injections into the femoral and ear veins were not made under 
comparable conditions of anaesthesia. Singer, Hesser, Pick & Katz (1958), 
also using emboli, claimed that complete mixing does occur in the right heart, 
but they referred the distribution of emboli to the wet weight of lung lobes. 
As emboli cause pulmonary oedema, the more intense oedema of more heavily 
embolized lobes could conceal inequalities of distribution. 

We have therefore investigated the distribution amongst the lobes of the 
lungs of cats under pentobarbitone of glass beads, of diameter about 165 ,., 
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injected into either the right external jugular vein, or the right femoral vein. 
The beads were collected and weighed after digestion of the lung lobes with 
papain. The results are expressed as percentages of the total recovery, found 
in each lobe (Table 1). 

The differences in distribution are significant at 1° for each lobe. We 
conclude, therefore, that mixing of blood in the right heart is not complete, 
and application of the direct Fick procedure to the cat is not justified. 

Though the method can detect streaming of blood through the right heart, 
it does not measure the distribution of vena caval blood amongst the lobes of 
the lungs. For the distribution of emboli depends greatly on their size, though 


little on their density. 
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The specificity of the intestinal absorption of large molecules 
by the new-born calf. By W. E. Batrour and R. 8. Comirne. 
Physiological Laboratory, University of Cambridge 

When the newly born calf is fed on colostrum the y-globulins are absorbed un- 

changed and reach the peripheral blood in the lymph. Ox serum y-globulin, 

labelled with ™*I, is also absorbed in this manner (Balfour & Comline, 1959). In 
the present series of experiments the absorption of ox and human serum albumin 
and the polysaccharide dextran has been examined under similar conditions. 

Ox and human serum albumin were introduced in 2% solutions into the 
duodenum of male Jersey calves, under sodium pentobarbitone anaesthesia. 
The albumin appeared in the thoracic duct lymph; at the end of the experi- 
ment it was present in the peripheral blood at concentrations as high as 50% of 
that in the lymph. This contrasts with the results with y-globulin with which, 
under similar conditions, only small amounts reached the peripheral blood. 

Solutions of dextran (2°) with a mean molecular weight of either 100,000 
or 40,000 were also absorbed from the small intestine of the newly born calf. 
The concentration of dextran in the lymph and blood was estimated by the 
method of Bloom & Willcox (1951). In all experiments the concentration in 
the lymph was much higher than that in the peripheral blood taken from the 
jugular vein. The absorption of the dextran was accelerated when it was 
dissolved in an ultrafiltrate of colostrum. 

These results suggest that many different types of molecule may enter the 
epithelial cells from the lumen of the small intestine of the newly born calf. 
If they are discharged from the distal or lacteal side of the cell, the larger 
molecules, such as y-globulins, can be recovered almost entirely from the 
lymph. On the other hand the smaller molecules, such as albumin, may enter 
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the blood vascular as well as the lymphatic capillaries and, therefore, appear 
in the blood even after cannulation of the thoracic duct. 


We wish to thank Dr T. F. Macrae and Mr A. R. Lockwood of Messrs Glaxo, Ltd. for supplies 
of dextran. Part of the expenses of this work were met from a grant from the Agricultural 
Research Council. 
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Further observations on the controlled differentiation of muscle. 
By A. J. Butter, J. C. and Rosamonp M. Eccies. Department 
of Physiology, Australian National University, Canberra, Australia 


It has been shown previously that the differentiation of skeletal muscles to the 
fast and slow contracting types found in the adult cat is determined by the 
anterior horn cells innervating the muscles (Buller, Eccles & Eccles, 1958). 

Observations have been made of the normal time course of this differentia- 
tion into fast and slow contracting types. At birth all muscles in the kitten are 
slow, but differentiation to fast contracting muscles is complete by 6—7 weeks. 
During the first few weeks of life those muscles which are destined to be slowly 
contracting in the adult cat also show a speeding up of their contraction times, 
but from about 5 weeks onwards they slow again, reaching their adult charac- 
teristics about 12 weeks after birth. Observations have also been made on 
kittens whose cords have been cut in the upper lumbar region within 48 hr of 
birth. 

Further nerve cross-union experiments have been made with nerve to 
soleus and nerve to flexor digitorum longus. These experiments have confirmed 
the earlier findings with other nerve cross-unions (Buller et al. 1958). In addi- 
tion, the effects of cutting the lumbar cord and of cutting appropriate lumbar 
and sacral dorsal roots have been studied in animals whose soleus—¥.D.L. nerves 
had previously been cross-united. 
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Protection of guinea-pigs against histamine by alcoholic extracts 
of oak gall. By W. Fe.ppere and B. A. Kovacs.* National Institute 
for Medical Research, Mill Hill, London, N.W. 7 


Ether chloroform extracts of the buffy coat of blood and alcoholic extracts of 

oak gall injected intraperitoneally or subcutaneously into guinea-pigs protect 

the animals against a lethal histamine aerosol. Of the two extracts those 
* With a Wellcome Trust Grant. 
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prepared from oak gall were more effective (Kovacs & Juhdsz, 1951; Kovacs & 
Szabadi, 1950). It was found that an injection of either extract also rendered 
the smooth muscles of the ileum preparation less sensitive to histamine and to 
a lesser extent to acetylcholine. Most of the following results were obtained 
with oak-gall extracts. 

After an effective injection the guinea-pig withstands for over an hour a 
histamine aerosol which in a normal guinea-pig causes lethal bronchospasm 
within a few minutes. The protected animals also tolerate much larger amounts 
of intravenous histamine. The protected animals show characteristic behavioural 
changes when under the influence of such a prolonged histamine aerosol or of 
a large intravenous dose of histamine. They appear to be partly paralysed or in 
a condition of light anaesthesia. In other species histamine is known to 
produce such effects owing to a central action. In guinea-pigs this action is un- 
masked when they are protected against the otherwise lethal bronchospasm. 

In guinea-pigs anaesthetized with urethane a histamine aerosol produces 
very much the same lethal bronchospasm as without anaesthesia, and the 
respiratory changes were recorded on a smoked drum. In animals protected 
by an injection of oak-gall extract, the recorded changes apparently result 
mainly from an action of histamine on the respiratory centre and partly perhaps 
from an action on the chemoreceptor in the carotid body. The animals can 
survive a histamine aerosol for a long time, and when they die, they die 
not from bronchospasm but from depression of the respiratory centre. 

The method of recording the respiratory changes in the anaesthetized 
animal has provided a method suitable for assaying the effectiveness of our 
extracts. With this method the same animal was retested during several “_ 
and the time course of the protection was determined. 

A single intraperitoneal injection of an alcohol extract of oak gall, containing 
about 30 mg dry material, protects a guinea-pig against a lethal histamine 
aerosol. Protection develops within an hour and lasts for at least 24 hr and 
sometimes up to 4 days. : 
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Evidence of acclimatization to cold obtained from clothing 
records. By R. Gotpsmita*. Division of Human Physiology, National 
Institute for Medical Research, Mill Hill, London, N.W.7 


It has proved difficult to demonstrate evidence of acclimatization to cold in 
man. Hearsay evidence and travellers’ tales have suggested that men exposed 
to the cold for a long time do get accustomed to wearing less clothing. It was 


* Medical Officer with the Advance Party of the Trans-Antarctic Expedition. 
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therefore decided to study changes in clothing worn by the eight members of 
the Advance Party of the Commonwealth Trans-Antarctic Expedition. 

Owing to a lack of fuel for heating their inadequate shelter, and outdoor 
temperatures ranging from — 63° to + 28° F (—52-8 to — 2-2° C), the men lived 
for a year exposed to a considerable cold stress. The number of layers of 
clothing worn over four parts of the body—hands, feet, upper and lower 
trunk—were recorded at weekly intervals together with the men’s own 
assessment of their comfort. The cold stress was determined from measure- 
ments of wind speed and air temperatures by using Siple’s windchill factor 
(Siple & Passel, 1945). 

At the beginning and the end of the year environmental conditions were 
comparable but less severe than during the intervening winter months. The 
number of clothing layers worn during these periods were compared. There 
was a significant increase (P = < 0-05) in the number of layers worn during the 
winter in all groups except footwear, and a subsequent decrease (P = < 0-05) 
with the return of milder conditions at the end of the year. The number of 
glove layers worn was less (P = < 0-05) in the last period than in the first and 
a similar trend was evident in the clothes worn over the rest of the body. The 
number of layers worn on days of equal windchill in the first and second halves 
of the year were also compared. Evidence of reduction of layers worn in the 
second half was found, though this was significant only in the glove group 
(P = < 0-05). Men dressed to remain comfortable throughout the year, in 
spite of the great range of temperatures. 

It is concluded that the reduction of clothing worn during a prolonged 
period of exposure to intense cold stress is suggestive evidence of acclimatiza- 


tion to cold. 
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Can a nerve propagate a subthreshold disturbance? By A. F. 
Huxiey. Physiological Laboratory, University of Cambridge 

Theoretical propagated action potentials at a range of temperatures were 
computed recently (Huxley, 1959) on the basis of the equations given by 
Hodgkin & Huxley (1952) describing the permeability properties of the mem- 
brane of the squid giant axon. The results showed that there was a tempera- 
ture above which propagation could not occur (as found experimentally by 
Hodgkin & Katz (1949)), and suggested that at each temperature below this 
value there might exist a second (unstable) solution of the equations repre- 
senting a small depolarization wave travelling without decrement at a much 
lower velocity than the usual spike. Several solutions of this type have now 
been computed on EDSAC IT; an example is shown at B in Fig. 1, together 
with the computed spike at the same temperature (A). 


f 


SOCIETY, 10-11 JULY 1959 81P 


This slow wave represents a borderline case between the threshold response 
(spike) and the local subthreshold responses of the kind described by Hodgkin 
(1938). It is evidently a highly unstable condition; whether it could be 
observed experimentally or not depends presumably on the time constant with 
which it would build up toward a spike or decay away, and this has not yet 
been calculated. It seems likely from qualitative arguments that even if it is 
observable it would only be set up by a diphasic (cathodal-anodal) stimulating 
pulse. 
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Fig. 1. Solutions representing waves capable of travelling unchanged at constant velocity along 
a nerve fibre. A, full-sized action potential; B, single subthreshold wave; C, start of a long 
train of oscillations. B and C are unstable. Temperature, 18-5° C. Relative velocities 1-0, 
0-301 and 0-296, respectively. 


The velocity (relative to the spike at the same temperature) and the ampli- 
tude of the wave are 0-225 and 13-3 mV at 6-3°C, 0-301 and 17-5mV at 
18-5° C, and 0-922 and 31-9 mV at 32-6° C. 

The solutions showed unexpectedly that a train of subthreshold waves, of 
any length, was also mathematically possible. An example is shown in curve 
C. Only a moderate degree of refractoriness is produced in the single wave 
(B), but progressively higher degrees occur in the later, and larger, responses 
in 
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A technique for simultaneously recording from several individual 
cortical neurones. By V. E. AmasstAn, L. Berwin, J. Macy, Jr., and 
H. J. Watter. Department of Physiology, Albert Evnstein College of 
Medicine, Yeshiva University, New York 61, N.Y., U.S.A. 


The inhibition of acid gastric secretion and the prevention of 
experimental gastric ulcers in the rat by phloxin. By P. N. 
Aarsen and J. van Noorpwisx. From the Pharmacotherapeutic 
Laboratory, University of Amsterdam 


Glomerular filtration after occlusion of the ureter. By M.G. Taytor 


and ExisaBeTH ULLMANN. Department of Physiology, The Medical College 
of St Bartholomew’s Hospital, London, E.C. 1 


Patterns of response in the dorsolateral tract of the cat’s spinal 


cord. By A. K. McIntyre. Department of Anatomy, University College 
London 
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Mytilus muscle, pharmacological analysis 
of contractile mechanism of, 450 


Nerve, subthreshold disturbance propaga- 
tion in, 80P 

Nerve cell, voltage-current relations in 
(mollusc), 161 

Nerve impulse, increase in velocity of 
(squid), 663 

Nerve membrane, two stable states of 
(squid, toad), 306 

Neuromuscular block, class demonstra- 
tion of different types of (chick) (T), 
46P 

Neuromuscular transmission, presynap- 
tic failure of (rat), 56P . 

New-born, proteinuria in (calf), 468 

specificity of intestinal absorption of 

large molecules by (calf), 77P 

Nicotine, sympathomimetic effects of (cat), 
332 

Nictitating membrane, nicotine action 
on normal and denervated (cat), 
339 

Nodal membrane, potassium effect on 
properties of (toad), 317 

Node of Ranvier, potassium effect on 
membrane at (toad), 317 


Node of Ranvier, voltage clamp technique 
in investigation of sodium currents in 
(Xenopus laevis) 188 

Non-myelinated nerve, phosphate 
changes with stimulation of (rabbit), 
353 

Noradrenaline, reserpine action on tail 
skin (cat), 337 

Nucleus gracilis, physiological organiza- 
tion of (cat), 34P 

Nystagmus, vestibular and optokinetic 
interaction (man) (T), 46P 


Oak gall, protection against histamine 
by alcoholic extracts of (guinea-pig), 
78P 

Ocesophagus, salivary glands responses to 
distension of (sheep, calf), 506 

Optic lobe, optic nerve section and re- 
generation effect on response to light 


on (pigeon) (T), 46P 
Organophosphate poisoning, histological 
changes due to (chicken), 66 P 
Osmotic stimulus, hypothalamic single 
neurones response to (rabbit), 557 
Quabain, sodium efflux from giant axon 
affected by (squid), 8P 
sodium ion secretion by skeletal muscle 
Ovariectomy, vasopressin action on blood 
pressure affected by (rat), 625 
Oxygen consumption, cyanide action on 
sodium-loaded muscles’ sodium flux 
Oxytocin, blood pressure of pregnant rat 
affected by (T), 45P 
reproductive cycle effect on blood 
pressure response to (rat), 624 
Oxytocinase, enzyme inhibitors action on 
(man), 284 


Pancreatic Pacinian corpuscles, (cat), 
3P : 
vago-vagal reflex 


Pancreatic secretion, 
involving (cat), 420 

Paraventricular nucleus, single neurone 
activity in response to osmotic stimulus 
in (rabbit), 557 

Parotid secretion, rumen and oesophagus 
distension effect on (sheep, calf), 507 

Perfused heart, extravascular fluid losses 
in (rabbit), 393 

Peripheral nerves, electron mi 
studies of development of (T), 46P 


on eye of (frog), 45P 
single visual receptor units responses in 
(locust), 58 P 
; Optic tectum, visual field representation 


Peristaltic reflex, initiation in ileum of 
Phiorrhizin, site of action in inhibition of 
intestinal absorption of glucose by 
(rat), 83 
Phioxin, gastric acid secretion inhibition 
in rat by (T), 82P 
Picrotoxin, glutamic acid and GABA 
action on muscle contraction affected 
by (crayfish), 40 
Piper rhythm (T), 5P 
Pitressin, coronary flow and weight 
change in perfused heart effected by 
(rabbit), 404 
Pituitary gonadotrophin assays, clinical 
application of (mouse, rat), 40 P 
Placental enzymes, inhibitors action on, 
(man), 283 
Plain muscle, adrenaline action on phos- 
phorylase activity and membrane 
potential of (guinea-pig), 62 P 
pharmacological analysis of contractile 
mechanism of (Mytilus), 450 
Plasma, kallikrein action on heated (dog), 
270 
methylhistamine oxidation by (mammal), 
568 
Plasma amine oxidases, observations on 
(T), 58P 
Plasma kinin, kallikrein estimation in 
terms of (dog), 275 
Post-tetanic antidromic depression, 
muscle stretch receptors showing (cat), 
253 
Posture, diurnal renal excretory rhythm 
affected by changes in (man), 488 
Potassium, membrane potential of single 
muscle fibres affected by (frog), 127 
- nerve membrane resistance affected by 
(Xenopus), 677 
nerve membrane two stable states in high 
concentration of (squid, toad), 306 
skeletal muscle secretion of sodium ions 
affected by (frog), 57 
Potassium citrate, coronary flow and 
weight change in perfused heart 
effected by (rabbit), 406 
Potassium excretion, posture change 
effect on diurnal rhythm of (man), 
496 
Pregnancy, uterine cervix physical proper- 
ties effected by (rat), 523 
Pregnenolone, progestational action of 
(dog), 465 
afferent fibres, 
changes in (cat), 22P 
Propantheline, ACh action on plain 
muscle by (Mytilus), 457 


post-tetanic 


SUBJECT INDEX 


Protein, renal clearance in new-born of 
(calf), 472 
renal tubular reabsorption of (rat), 1 
Proteinuria, new-born showing (calf), 468 
Pulmonary vascular bed, reflex responses 
12P 
Pulmonary vascular resistance, carotid 
body chemoreceptors stimulation in 
‘vasosensory controlled perfused living 
animal’ effect on (dog), 208 
carotid sinus baroreceptors stimulation in 
‘vasosensory controlled perfused living 
animal’ effect on (dog), 221 
Pulmonary ventilation, NH,Cl ingestion 
effect on alveolar gas pressures relation 
to (man), 71P 
Pyloric antrum, sham feeding effect on 
release of gastrin from (dog), 291 


Radio-iodide, skin containing (rat), 681 
Reactive hyperaemia, arterial inflow re- 
striction effect on (man), 646 
Receptive field, excitatory and inhibitory 
regions for single striate neurone in 
(cat), 574 
Renal tubules, protein reabsorption from 
(rat), 1 
Reproductive cycle, vasopressin and 
oxytocin action on blood pressure 
affected by (rat), 623 
Reserpine, pilomotor response to nicotine 
and ACh affected by (cat), 335 
nictitating membrane response to nicotine 
and ACh affected by (cat), 346 
Resting potential, potassium and TEA 
effect on nodal membrane (toad), 322 
potassium effect on nodal membrane 
(toad), 322 
Retina, micropipette recording from (fish) 
(T), 4P 
receptive fields for striate cortex single 
neurones in (cat), 572 
Right atrial depressor reflex (dog), 52 P 
Right heart, streaming of blood through 
(cat), 76P 
Rod, quantum efficiency and refractory 
compartments of, 36 P 
Rumen, salivary glands responses to dis- 
tension of (sheep, calf), 506 


Salivary glands, rumen and oesophagus 
distension effect on (sheep, calf), 506 

Sensory impulses, intramuscular propa- 
gation of (cat), 240 

Serum albumin, renal tubular reabsorp- 
tion of (rat), 1 

Serum globulin, renal tubular reabsorp- 
tion of (rat), 1 
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SUBJECT INDEX 


Serum proteins, thyroxine binding by 
(man), 64P 
Sham feeding, pyloric antrum release of 
gastrin effected by (dog), 291 
Skeletal muscle, cocaine action on (frog), 
61P 
controlled differentiation of (cat), 78 P 
cortisol effect on phosphate uptake by 
(man), 227 
cyanide action on sodium flux in sodium- 
loaded (frog), 362 
emotional stress excitation of cholinergic 
vasodilators to (man), 631 
methylsulphate replacement of Cl effect 
on membrane resistance and active 
state of (T), 37P 
multiple innervation of, 50 P 
potassium and chloride influence on mem- 
brane potential of single fibres of (frog), 
127 
potassium loss from K-loaded effect on 
membrane potential (T), 37 P 
secretion of sodium ions by (frog), 
51 
sensory impulses propagation within 
(cat), 240 
ultra-violet dichroism of (frog), 379 
Skeletal muscle contraction, synchro- 
nous and asynchronous motor volleys 
effect on (cat), 27P 
Skin, radio-iodide concentration in (rat), 
681, 62P 
Sodium, cyanide effect in sodium-loaded 
muscle on flux of (frog), 365 
membrane current at node of Ranvier 
affected by (Xenopus laevis), 194 
skeletal muscle secretion of (frog), 51 
Sodium excretion, posture change effect 
on diurnal rhythm of (man), 490 
Sodium permeability, steady state in- 
activation in myelinated nerve of 
(Xenopus), 669 
Space constant, potassium action on 
myelinated nerve (Xenopus), 676 
Spatial temperature gradient, thermo- 
receptor stimulation and (cat), 180 
Spinal cord, measurement of extra- 
cellular currents and potentials in 
(frog) (T), 4P 
reflex activity in small motor fibres from 
lumbar (rat), 28P 
response patterns in dorsolateral tract of 
cat’s (T), 82P 
Spinal motoneurones, cerebellar anterior 
lobe stimulation effect on excitability 
of (cat), 26P 
Spinal reflex, differential supraspinal con- 
trol of (cat), 70P 


xxvii 
Stearate monomolecular films, stabilizer 
and labilizer effects with, 57 P 
Stretch receptors, antidromic stimulation 
effect on (cat), 252 
Striate cortex, receptive fields of single 
neurones in (cat), 572 
Sulphob ophthalein, release by per- 
fused liver of stored (rat), 1656P 
Supra-optic nucleus, single neurone 
activity in response to osmotic stimulus 

in (rabbit), 557 
Sweat glands, adrenaline, ACh and other 
agents action on (man), 590 
arterial occlusion effect on responses of 
(man), 613 
Sympathectomy, emotional stress effect 
on forearm blood flow affected by 
(man), 634 
Sympathetic ganglion cells, infant and 
young (man), 44P 


Temperature, respiration in new-born 
affected by (rabbit), 11 P 
sodium ion secretion by skeletal muscle 
affected by (frog), 67 
uterine cervix extensibility affected by 


(rat), 540 

Tetraethyl jum, nerve membrane 
in high potassium concentration affected 
by (squid), 311 


voltage—current relations in nerve cell 
affected by (mollusc), 170 
Thermal injury, histamine role in vascular 
permeability changes in mild (guinea- 
pig, rat), 9P 
Thiocyanate, skin radio-iodide content 
affected by (rat), 685 
Thyrocervical artery, brain supplied by 
(cat), 101 
Thyroid activity, acute effects of thyro- 
trophic hormone or of hypothalamic 
stimulation on (rabbit), 5P 
Thyroxin, mammary glands reaction to 
ovarian steroids after hypophysectomy 


and (rat), 1OP 

Thyroxine, serum proteins binding of 
(man), 64P 

Tongue, cold receptors stimulation in (cat), 
180 

Touch, hypothalamic single neurones 


nse to (rabbit), 560 
Transplanted gastric pouch, secretion 
by (dog), 295 
Triethyltin sulphate, intestinal transport 
. and metabolism affected by (rat), 
117 
Trypsin, cervix extensibility affected by, 
48P 


, 2 A 
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Ultra-violet absorption 
skeletal muscle showing (frog), 383 
Urethane, voltage-current relations in 
nerve cell affected by (mollusc), 169 
Urine, kallikrein excretion in (man), 277 
Uterine cervix, pregnancy effect on physi- 
cal properties of (rat), 522 
Uterine sensory nerves, action potentials 
from (rabbit), 2P 
Uterus, distension stimulation on collagen 
formation in (rat), 6P 
hormones action on endometrium of 


(dog), 464 


Vagal stimulation, gastrin release from 
pyloric antrum by (dog), 291 
post-activation potentiation of gastric and 
intestinal contractions effect of (cat), 
437 
Vagotomy, gastric secretion and motility 
affected by (cat), 426 
rumen-salivary secretion reflex affected 
by (sheep, calf), 513 


SUBJECT INDEX 


Vago-vagal reflexes, gastric and pan- 
creatic secretion and gastro-intestinal 
motility involved in (cat), 417 

Vasopressin, adrenalectomy effect on 
renal response to (dog), 55P 

reproductive cycle effect on blood pres- 
sure response to (rat), 623 

Vasopressinase, enzyme inhibitors action 
on (man), 284 

‘Vasosensory controlled perfused living 
animal’, carotid body chemoreceptor 
stimulation effect on pulmonary vascu- 

carotid sinus baroreceptors, stimulation 
effect, 220 

Vision, receptive fields of single neurones 

for (cat), 572 
cells, initiation of impulses in 
(Limulus), 14 

Visual stimulus, hypothalamic 
neurones response to (rabbit), 562 

Vitamin B,,, small intestine site of ab- 
sorption in vitro of (rat), 67P 
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